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This whitepaper has been prepared and produced by a volunteer group of contributors within 
the Requirements Working Group (RWG) of the International Council on Systems Engineering 
(INCOSE). This whitepaper is an outgrowth from discussions concerning the RWG participation 
in and collaborating with the MBSE Initiative that occurred within the RWG sessions during 
INCOSE IW 2016 and IW2017 in Torrance, CA and subsequent communications between the 
authors, members of the RWG, and members of other INCOSE Working Groups. 

The RWG is producing this whitepaper from the perspective that requirements, along with all 
work products (models, designs, documents, diagrams, drawings, etc.) generated during the 
performance of System Engineering (SE) lifecycle process activities are represented by 
underlying sets of data and information.  Data and information in these sets need be able to be 
shared between organizations and PM and SE tools used within an organization. This sharing 
will help to ensure consistency, correctness, and completeness of work products developed 
across all system development lifecycle stages.  To enable this sharing of data and information, 
the project/program needs to integrate these sets of data in a way that enables sharing of the 
data across all system development lifecycle stages.   

Key attributes of the envisioned for a projectôs integrated, shareable sets of data include: 

¶ There is a defined ontology to which all the sets of data are consistent 

¶ There is a master project schema to which all the sets of data comply 

¶ Work products are appropriately linked across lifecycle stages 

¶ The PM and SE tools used to generate the sets of data comply fully with the industry 
interoperability standards as discussed in section 4.5.2. 

Using this perspective, integrated, shareable sets of data can be viewed as a foundation of 
Systems Engineering.  From this data-centric perspective of SE, there are many key benefits 
that will aid organizations in successfully meeting the challenges associated with todayôs ever 
increasingly complex systems, meeting the intent of the MBSE Initiative, and helping 
organizations move toward INCOSEôs Vision 2025.  A data centric perspective of SE also aligns 
well with the development in other domains of expertise such as Building Information Modelling 
(BIM).  

While practicing SE from this perspective affects all INCOSE Working Groups (WGs), the 
following WGs are key stakeholders: Lifecycle Management, Measurement, MBSE Initiative, 
MBSE Patterns, Ontology, Process Improvement, Requirements, SE Effectiveness, SE 
Transformation, and Tool Integration and Model Lifecycle Management. The activities of these 
working groups are not only enablers to the practice of SE from a data-centric perspective but 
many of these groups are directing their efforts on how to perform SE with a focus on the 
essential data/information/knowledge needed to perform SE as is advocated within this 
whitepaper. 

Authors 
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Lou Wheatcraft, Requirements Experts, USA 
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1.1 PURPOSE AND SCOPE 

While models are one foundational element of Systems Engineering (SE), there is more to SE 
than the models themselves.  Models are represented by data and information as are other 
Systems Engineering (SE) work products.  In this context, models and other work products are 
either projections of the same data and information or represented by data and information 
generated from other SE lifecycle process activities. To effectively manage ever increasing 
complex systems of the future there are benefits to managing this underlying data and 
information in such a way it can be integrated and shared across the system development 
lifecycle process activities, shared between the various SE tools used to create and manage 
this data and information, and shared between organizations involved in the development and 
operations of the system of interest.  This sharing will help ensure correctness, consistency, and 
completeness of the data and information typical of our ever increasingly complex systems.   

The goal, as advocated in this whitepaper, is to have the capability to integrate all the 
Program/Project Management (PM)and SE data and information into integrated, shareable sets 
of data.  These sets of data would not only represent an architectural model of the system under 
development, but also a model of the SE lifecycle process activities and resulting work products 
that can be used to more effectively manage the system development efforts across all SE 
lifecycle stages. The degree to which the data and information is integrated is driven by the 
needs of the organization and programs from a business and technical perspective based on 
the size and complexity of their programs, their diversity and complexity of supply chains, and 
types of engineering information that comprises a technical baseline for their system of interest. 

In discussing ñdataò, it is important to understand the relationship between data, information, 
knowledge, and wisdom. (Bellinger 2004-2), 

Ɇ Data: individual facts/bits/datum without context, by themselves they 
have little value 

Ɇ Information: data with context allowing us to expand on the data 
and gain information, insight, and knowledge 

Ɇ Knowledge: aggregation of information, helps apply the 
information allowing us to define context, patterns, correlations, 
causations, inform standards, etc. 

Ɇ Wisdom: knowledge plus experience  

The SE tools used to generate and manage the various SE work products and underlying data 
and information contribute to the understanding of the context of this data. This context results 
in information.  This information represents an information model of the system being developed 
as well as provides valuable rationale and insights developed while executing the SE lifecycle 
processes involved in engineering the system.  In practicing SE, the systems engineerôs 
emphasis needs to be on the data and information shared across lifecycle processes rather 
than on the individual lifecycle process activities themselves.  Combining the systems 
engineerôs experience and knowledge with the information contained in the integrated, 
shareable sets of data enables the systems engineer to use their wisdom to successfully deliver 
winning products ï products that deliver what is needed, within cost and schedule, with the 
desired quality.  Accepting this premise, it is useful to view SE from a data-centric perspective.   

Data

Information

Knowledge

DataData
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The practice of SE is often viewed from many perspectives.  Similar to the old story of the blind 
men and the elephant, SE cannot be effectively practiced when viewed from just one 
perspective (requirements, models, patterns, standards, industry specific application, etc.).  To 
successfully practice SE, wise systems engineers recognize and use each perspective as 
appropriate to the activity they are performing.  The perspective of this whitepaper addresses 
the intent of the MBSE Initiative by presenting a broader, data-centric view of SE.  In this 
context defining the scope of the system to be developed, discovering and documenting 
stakeholder needs, developing and managing requirements that represent those needs, 
developing a design that meets these requirements, and transforming the design into the 
system of interest involves the development and use of many work products, including models, 
that are generated during the execution of the SE lifecycle process activities. These work 
products are visualizations of the underlying data and information model of the system under 
development. 

The authors feel this data-centric perspective of SE provides an alternate lens through which to 
acquire a more complete understanding of the SE lifecycle process activities and resulting work 
products and underlying data and information needed to manage the development of 
increasingly complex systems of the future.  This perspective aids in acquiring a practical 
understanding of the SE lifecycle processes from the perspective of not only models, but all 
work products that are generated from activities conducted during each of the SE lifecycle 
processes and the underlying data and information used to represent these work products.   

The purpose of this whitepaper is to help organizations implement Systems Engineering by 
addressing the following main areas: 

Ɇ Help organizations understand that the data-centric approach to practicing SE 
advocated in this whitepaper is a major part of MBSE. 

Ɇ Outline an organizationôs need to keep track and manage data and information across all 
the system engineering development lifecycle activities. 

Ɇ Provide guidance regarding the management principles and decisions important to the 
implementation and management of SE from a data-centric perspective. 

Ɇ Propose a method that can be use measure and benchmark an organizationôs maturity 
in practicing SE from a data-centric perspective. 

Ɇ Furnish guidance and a roadmap to help an organization move towards practicing SE 
from a data-centric perspective.  

Expanding on the concept of SE from a data-centric perspective, the goals of this whitepaper 
are to:  

¶ Present a broader data-centric perspective of SE that meets the intent the MBSE 
initiative and help organizations to move towards INCOSEôs Vision 2025. 

¶ Provide organizations an understanding that integrated, shareable sets of data is a key 
foundation of SE. 

¶ Provide an integrated context of the various perspectives of MBSE which can be built 
upon and expanded on by the various INCOSE Working Groups. 

The overall goal is to make this whitepaper a useful product to help organizations implement the 
level of SE capability that best fits their needs. 
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1.2  AUDIENCE 

The intended audience of this whitepaper includes project and product managers and systems 
engineers who are stakeholders in activities defined by the SE discipline and are thinking about, 
or are in the process of, implementing SE within their organization. This whitepaper will help 
those who are wondering how to successfully implement the intent of the MBSE Initiative within 
their organization and those that are interested in maturing their current SE capabilities toward a 
more data-centric implementation of SE - irrespective of the size and complexity of the system 
under development and the size and culture of the organization developing the system.  

From a requirements perspective, this whitepaper is also targeted to those who have been, or 
are currently, focused on defining, documenting, and managing requirements as a distinct and 
separate, siloed activity from other SE lifecycle processes.  From a tool vendor perspective, this 
whitepaper is targeted to those whose tools do not provide the capability to integrate and share 
requirements and the other work products and their underlying data and information across all 
SE lifecycle process activities.   While these approaches may have worked in the past and may 
work for some present system development efforts, it is doubtful these approaches will allow 
organizations to meet the future challenges of increasingly complex systems and move towards 
INCOSEôs Vision 2025. 

1.3 ORGANIZATION 

This whitepaper is organized as follows: 

Section 2.0 addresses the need for SE and the benefits of adopting SE from a data-centric 
perspective. A list of challenges that need to be addressed due to the increasingly complex 
systems is presented followed by a list of benefits organizations can realize by practicing SE 
from a data-centric perspective. This section concludes with a discussion concerning another 
key advantage to practicing SE from a data-centric perspective - the use of measures to help 
better manage the system development activities across all lifecycle stages. 

Section 3.0 introduces and defines the concept of practicing SE from a data-centric perspective. 
The section begins by discussing the SE work products and underlying data and information 
that are generated as part of each of the SE lifecycle activities.  Next the questions: ñWhat is a 
model?ò and ñWhat is model-based SE (MBSE)?ò are addressed from a data-centric 
perspective.  Lastly, the concept of integrated data as a foundation of SE is discussed followed 
by a revised definition of SE from a data-centric perspective. 

Section 4.0 goes into more detail on what it means to practice SE from a data-centric 
perspective providing guidance that can be used to understand and successfully create and 
manage integrated, shareable sets of data within an organization.  This section starts with a 
discussion concerning the need for corporate management buy in and support needed to 
transition the organization from their present state to practicing SE from a data-centric 
perspective.  Key concepts from big data are introduced including: data governance, information 
technology, and data management.  This section concludes with a description concerning the 
current state of most organizations concerning practicing SE and the path needed to move from 
the current state to a future state where the projects within an organization practice SE from a 
data-centric perspective using integrated, shareable sets of data. 

Section 5.0 focuses on topics to help organizations develop a systems engineering capability 
that meets the needs of their organization.  To aid in this journey, SE capability levels (SCLs) 
are presented to help organizations assess what their current SE capability is from an 
integrated, shareable sets of data perspective and provide a roadmap to get to their desired 
level of SE capability based on their organizationôs specific needs.  Next, the selection of an SE 
toolset that is needed to implement the chosen SCL is discussed.  The final topic in this section 
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provides advice to help sell the idea of moving toward a data-centric practice of SE to 
management.  Questionnaires are provided in the appendices to help organizations assess their 
current SCL and identify issues and risks they may be having which can be mitigated by 
practicing SE from a data-centric perspective. 
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2.1 MEETING THE CHALLENGES OF INCREASINGLY COMPLEX SYSTEMS  

As stated in INCOSE Vision 2025 (INCOSE 2014), a constant throughout the evolution of 
systems engineering ñis an ever-increasing complexity of systems which can be observed in 
terms of the number of system functions, components, and interfaces and their non-linear 
interactions and emergent properties. Each of these indicators of complexity has increased 
dramatically over the last fifty years and will continue to increase due to the capabilities that 
stakeholders are demanding and the advancement in technologies that enable these 
capabilities.ò  

Often this complexity involves large-scale systems whose SE lifecycle process activities are 
distributed across many locations.  An example of system complexity is the Boeing 787 (Malone 
et al 2016), for which over 30 companies based in countries around the world built large 
portions of the airplane.  To help manage this complex system, Boeing developed a model that 
had >2,000 functions, >5,000 data flows, >1,000,000 data parameters, and >50,000,000 
objects, with an average of three relationships per object, as well as ~1,000 geographically 
dispersed users involved in the modeling effort.  

To successfully develop our current systems as well as systems with increasing complexity in 
the future, the authors have compiled major challenges we feel that practitioners of SE need to 
address: 
Ɇ The need to manage the large number of work products and the underlying data and 

information that represents them electronically, rather than in printed documents, 
diagrams, or drawings.  

Ɇ The need to replace organizational ñsilosò with a more holistic organizational approach 
establishing a collaborative environment with a multidiscipline team that uses integrated, 
shareable sets of data to holistically integrate with coherence and consistency work 
products and their underlying data and information across disciplines, organizations, and 
system lifecycles. 

Ɇ The need to capture, integrate, manage, access, and share increasingly large sets of 
system engineering and program/project management (PM) data and information and 
associated interrelationships.  

Ɇ The need to identify and manage dependencies across not only the system architecture 
but dependencies across disciplines and system lifecycles. 

Ɇ The need to identify, define, and manage interactions (interfaces) between parts of the 
complex system architecture and between the system and the macro-system of which it 
is a part, no matter the complexity of the system under development.  

Ɇ The need to track progress, identify at-risk activities, and take actions before these risks 
become problems that could impact cost, schedule, or the ability to deliver a product that 
meets stakeholder needs in the operational environment. 

Ɇ The need to transition from a ñgutò decision-making culture to a data-driven decision 
culture that is more effective and appropriate for managing complex systems.  Data-
driven decisions are not only driven by data and information but are recorded within an 
appropriate toolset, along with supporting information as to why the decision was made.  

Ɇ The need to integrate SE activities with the program/project management activities and 
resulting work products and underlying data and information to better manage cost, 
schedule, and risk. 

SE is continuously evolving to meet the needs of organizations and to address the challenges 
described above for increasingly complex systems.  Out of this evolution, INCOSE launched the 
MBSE Initiative to meet these challenges and move towards INCOSEôs Vision 2025. 



  
 

Integrated Data as a Foundation of System Engineering 
INCOSE-TP-2018-00X-0X| VERS/REV: 1| xx xx 2018                                                  

 

6 

Technology is evolving at a rapid rate, especially information technology, not only 
resulting in more complex systems, but also enabling the documentation, management, 

and integration of large sets of data that represent the many work products and 
underlying data and information generated as part of the SE lifecycle process activities. 

2.2 BENEFITS OF IMPLEMENTING SE FROM A DATA-CENTRIC PERSPECTIVE 

A data-centric perspective of SE complements the SE lifecycle processes by enabling the 
opportunity for system development with increased quality, lower cost, and lower risk.  
Implementing a data-centric perspective enables organizations to realize the following benefits:  

Note 1: This list of benefits is derived from a similar list documented in National Aeronautical 
and Space Administration (NASA) ñExpanded Guidance for NASA Systems Engineeringò, 
Volume 2, Chapter 8.2. (NASA 2016. 

Note 2: ñOrganizationsò refer to all organizations involved in a systemôs ecosystem both 
internal as well as external to the developing organization or the owner and operator of the 
system.  This includes organizations that are part of a systems of systems development 
effort. A key premise of practicing SE from a data-centric perspective is 1) data from all 
systems in available, 2) all organizations involved form and comply with a common ontology, 
and 3) All organizations practicing SE from a data-centric perspective form integrated sets of 
data that adhere to interoperability standards such that the data and information can be 
shared between organizations. 

¶ Meet the challenges associated with increasing complexity for current and future systems 
discussed in the previous section. 

¶ Provides greater consistency of all products because any single piece of design data and 
information can be expressed authoritatively within integrated, shareable sets of data that 
can later be referred to by others for decisions or formation of other work products.  

¶ Provides better visibility into the principle characteristics of the whole system because 
multiple views from a projectôs integrated, shareable sets of data can be created that 

succinctly address specific stakeholder needs, concerns, and interests. Ο 

¶ Provides greater congruence and configuration management between documentation and 

reality.Ο Differing views of the underlying SE data and information can be automatically 

generated into SE work products, reducing the effort to keep the work products and their 
underlying data and information up to date and consistent, resulting in work products that 

match the best available, current data and information.Ο 

¶ Establishes ñground truthò.  Ground truth is the only true realityðregardless of what 
someone says or thinks, no matter what they ñrememberò or what perspective they have 
concerning what is being done or built or a decision that was made, if it isnôt in the 
projectôs integrated, shareable sets of data, it isnôt the truth.   (Requires all the underlying 

data and information to be maintained and kept current and consistent.)Ο 

¶ Facilitates the navigation, traceability, and interrogation of data and information across all 
lifecycle stages.  Managers and engineers can have access to the correct and consistent 
data and information more quickly, and on an as-needed basis, without going through 
manual distribution or search processes. 

¶ Enables the reuse of SE and PM work products and underlying data and information.  
Considerable time and expense can be saved when an organization can reuse SE and 
PM data and information and not have to start from scratch for each new project. This 
reuse ability is key to effective product line management. 

¶ Facilitates the management of the stakeholder needs, requirement definition, design, 
build/code, and system verification and validation activities in an integrated manner.  Data 
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and information associated with verification and validation activities across all lifecycle 
process activities can have higher quality, and provide greater insight concerning the 
status of verification and validation activities and being able to show compliance and that 
stakeholder needs are being met. 

¶ Reduces the costs associated with erroneous design and resulting rework because 
analysis of the SE work products and underlying data and information can reveal a flaw or 
inconsistency as soon as it is created, enabling correction before downstream work is 
done, work that would be invalid, and costly and time consuming to correct if the upstream 
mistake were not corrected immediately.  This also helps to avoid huge expenses 
associated with recalls, returns, warranty work, and negative comments on social media. 

¶ Facilitates the identification of interactions (interfaces), helping to ensure your system of 
interest can be successfully integrated into the macro system it is a part and reducing 
integration issues and costly rework and schedule slips associated with these issues. 

¶ Provides identification, management, interoperability, and integration of work products and 
underlying data and information across business or organizational elements needed to 
support program budget and schedule goals.  With the ability to metatag data, information, 
and work products, you can, for example, tie these things directly to the WBS, budget, 

schedule, and risk management activities.Ο 

¶ Ensures data and information needed by programs and projects (e.g., for milestones, 
reviews, mission operations, risk mitigation, and anomaly investigations, decisions, and 
outcomes) are identified and managed to provide traceability of the data and information 

used in decision-making. Ο 

Organizations need to develop a level of organizational SE capability that will enable them to 
realize the benefits listed above.  Further, since one size doesnôt fit all, an organization needs to 
assess the SE capabilities that best fit its domain, product line (degree of complexity), and 
culture. Consequently, the level of SE capability an organization establishes needs to be 
tailored to the size and complexity of systems developed by the organization, whether small, 
medium, or large projects. (A more detailed discussion on levels of SE capability is included in 
section 5.1.) 

2.3 MEASURES ï USING DATA TO BETTER MANAGE SE PROJECTS 

A key advantage of adopting SE from a data-centric perspective is being able to use measures 
to better manage, across all SE lifecycle processes, the SE activities associated with 
increasingly complex systems.  Measures allow managers and systems engineers to monitor 
and assess progress, identify issues, and ensure the system being developed will meet 
stakeholder needs and expectations. 

As stated in the INCOSE ñSystems Engineering Measurement Primerò, v2.0, (INCOSE 2010) 
using measures can ñefficiently deliver information to systems engineering managers who use it 
for decision-making.ò  Measurements help the project manager and systems engineer to:  

¶ Monitor the progress and performance of SE and PM activitiesΟ 

¶ Communicate effectively throughout the organization Ο 

¶ Identify and correct problems early Ο 

¶ Make key tradeoffs Ο 

¶ Track specific project objectives Ο 

¶ Defend and justify decisions Ο 

Due to the importance of a measure to project success, several key measures are commonly 
used that reflect overall customer/user satisfaction (e.g., performance, safety, reliability, 
availability, maintainability, and workload requirements): measures of Suitability (MOSs), 
measures of performance (MOPs), and measures of effectiveness (MOEs).  Once the 
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project/program has identified and defined these measures, the measures are managed and 
monitored closely throughout the SE lifecycle processes and used by technical and 
programmatic leadership so that they make informed decisions and take appropriate and timely 
actions.  

Measures and associated requirements that are high priority and considered critical to 
successful development and operations, are also referred to as Key Performance Parameters 
(KPPs), as a failure to meet a KPP requirement may put the project at risk of cost and/or 
schedule overruns, or at risk of performance shortfalls.  KPPs that are also ñat riskò are often 
referred to as Technical Performance Measures (TPMs) by project management and closely 
monitored.  For systems based on new technologies that have not been proven in the actual 
operational environment, additional development and operational risk is added to the project.  
Measures are an important tool to help project managers and systems engineers manage these 
risks. 

KPPs that are tracked by management as TPMs will be monitored closely during 
implementation by comparing trends for the current actual achievement of the parameters with 
the values that were anticipated for the current time and projected for future dates.  Each major 
review needs to include a status of these measures.   

A major source of measures are the attributes that can be defined as part of a requirement 
expression.   These attributes are discussed and defined in INCOSE-TP-2010-006-02, INCOSE 
ñGuide to Writing Requirementsò, Chapter 5 (INCOSE-TP-2010-006-02 2015). 

Using requirement attributes helps to better define measures to manage projects.  Given that 
requirements are the common threads that tie all systems engineering product development life-
cycle processes together, having insight into these processes is necessary to manage a project 
effectively.  Using attributes, management is able to generate reports from metrics managed 
within as SE toolset like: 

¶ How many, or what percentage, of requirements have been approved? 

¶ How many, or what percentage, of requirements have been implemented in the design? 

¶ How many open change requests are there? 

¶ What is the status of the high priority, high risk requirements? 

¶ For system verification, how may requirements have a verification approach defined? 

¶ How many system verification activities have been successfully competed?  Have failed? 

¶ What percentage of system validation activities have been completed? 

The purpose of using measures is to provide management with metrics that need to be watched 
and tracked closely throughout the system lifecycle to assess schedule and budget status and 
to help ensure a successful program and mission.  The importance of identifying and managing 
using measures is emphasized by the number of documents that INCOSE has published on the 
subject:  

¶ INCOSE SE HB, Section 5.7, Measurement Process (INCOSE-TP-2003-002-04, 2015) 

¶ Metrics Guidebook for Integrated Systems and Product Development (INCOSEπTPπ1995π
002π01) 

¶ Systems Engineering Measurement Primer (INCOSEπTPπ2010π005π02) 

¶ Technical Measurement Guide (INCOSE-TP-2003-020-01) 

¶ Systems Engineering Leading Indicators Guide (INCOSE-TP-2005-001-03) 

¶ Project Managers Guide to SE Measurement for Project Success (INCOSE-TP-2015-001-
01) 



3.0 SYSTEMS ENGINEERING: A DATA-CENTERIC PERSPECTIVE 

 

Integrated Data as a Foundation of System Engineering 

INCOSE-TP-2018-00X-0X| VERS/REV: 1| xx xx 2018 

9 

This section introduces and defines the concept of practicing SE from a data-centric 
perspective. The section begins by discussing the SE work products and underlying data and 
information that are generated as part of each of the SE lifecycle activities.  Next, the questions: 
ñWhat is a model?ò and ñWhat is model-based SE (MBSE)?ò are addressed from a data-centric 
perspective.  Lastly, the concept of integrated data as a foundation of SE is discussed followed 
by a revised definition of SE from a data-centric perspective. 

3.1 SYSTEMS ENGINEERING WORK PRODUCTS 

ISO/IEC/IEEE 15288:2015, Systems and software engineeringðSystem life cycle processes 
(ISO 15288 2015) defines the following lifecycle stages: conception, development, production, 
utilization, support, and retirement. The INCOSE SE Handbook (INCOSE 2015), expands these 
six stages into thirty lifecycle processes grouped into four broad areas: technical process, 
technical management processes, agreement processes, and organizational project-enabling 
processes as shown in Figure 1.   

 
Figure 1 System life cycle processes per ISO/IEC/IEEE 15288. This figure is excerpted from 

ISO/IEC/IEEE 15288:2015, Figure 4 on page 17, with permission from the ANSI on behalf of the ISO. © ISO 2015. all 

rights reserved. 

As shown in Figure 2, (INCOSE 2015) each of these processes have inputs, activities, controls, 
enablers, and outputs. The inputs, controls, and enablers for any given process are outputs of 
the activities of other processes, some internal to a project/organization and some extremal.  
For purposes of this whitepaper, the outputs or artifacts of any process are work products and 
their underlying data and information.   

These work products may be represented in a ñhard copyò printed form (documents, drawings, 
diagrams, etc.) or in an electronic form (documents, drawings, diagrams, databases, models, 
spreadsheets, etc.). In some cases, the electronic form may be a file without any underlying 
data or may be represented by underlying data and information stored in a database.   
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Moving toward practicing SE from a data-centric perspective, with the goal of integrating all the 
work products and their underlying data and information into shareable sets of data, requires the 
electronic form of work products to be such that their underlying data and information is 
represented by a data set that can be shared and ideally integrated with other similarly 
formatted sets of data that adhere to industry interoperability standards (see section 4.9.2).  
This allows the project to develop integrated, shareable sets of data from which the various 
work products across all lifecycle process activities can be visualized.  From this perspective, all 
work products represented by and underlying set of shareable date would be visualizations of 
the projectôs integrated underlying data and information model. 

 
Figure 2: Sample of IPO diagram for SE processes. INCOSE SE Handbook.  (Original figure 

created by Shortell and Walden. Usage per the INCOSE notices page. All other rights reserved.) 

Table 1 provides example work products generated during each of the six lifecycle processes 
defined in ISO/IEC/IEEE 15288:2015.   A more detailed list of work products can be found in 
chapters 4, 5, 6, & 7 of the INCOSE SE Handbook (HB) (INCOSE 2015). (A similar list of work 
products can be generated from a program/project management (PM) perspective.   The 
authors feel that both sets of work products (PM & SE) are dependent and need to be integrated 
for maximum management effectiveness.) 

Table 1: Examples of SE lifecycle activities and work products  
(Derived from INCOSE SE HB Chapters 3, 4, & 5). 

LIFE CYCLE STAGES PURPOSE (Activities) EXAMPLES OF ACTIVITY OUTPUT WORK PRODUCTS  

CONCEPT Define problem space 
Characterize solution 
space 
Identify stakeholdersô 
needs, goals, objectives, 
Identify drivers and 
constraints 
Explore concepts, ideas, & 
technologies 
Develop initial concepts 
and models 
Assess concept feasibility 

Need, Goals, Objectives 
MOEs, MOPs, KPPs, TPMs. Leading indicators 
Concept of Operation, ConOps, OpsCons, Use Cases, User Stories, 
Operational scenarios 
Voice of the Customer and other stakeholders, 
Functional architecture, 
Product breakdown structure, Work breakdown structure 
Mind maps, Power Point slide(s) 
Sketches, diagrams, drawings 
Proof of concept prototypes 
Concept trade studies 
Scope document, budget, schedule 
Descriptive models 
Stakeholder needs & expectations 
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Propose and baseline 
feasible concept/viable 
solution 
Transform stakeholder 
needs into system 
requirements 

Baselined system requirements (document or database) 
Interface diagrams and definitions, ICDs 
Requirement attributes (rationale, trace, allocation, risk, priority, 
verification method, etc.) 
Verification matrix 
Allocation & trace matrices 
Requirement verification and validation  

DEVELOPMENT Refine system 
requirements, develop 
subsystem, assembly, 
component requirements 
Verify and validate 
requirements 
Refine models 
Create solution description 
ï architecture and system 
design 
Document the design 
Build engineering 
mockups 
Integrate, verify, and 
validate system 

Analytical models, environment models, reliability prediction analysis, 
fault trees, simulations used in development, etc. 
Logical decomposition, logic diagrams 
Subsystem, assembly, component requirements (document or 
database) 
Design trade studies 
Design documents, drawings, algorithms - at system, subsystem, and 
component levels 
Physical architecture, product breakdown structure 
Design verification and validation 
Engineering mockups, prototypes 
Source code, compiled applications 
Test plans, procedures 
System integration, verification, and validation plans, procedures 

PRODUCTION Produce system 
Inspect and test 
Post production system 
validation in operational 
environment 

Manufacturing/coding plans 
System being produced 
As-built drawings, diagrams, algorithms, models 
Completed test, system verification, system validation activities and 
results 

UTILIZATION Operate system to satisfy 
usersô needs  

Updated models, 
User, maintenance manuals/procedures 
Simulators for operators training 

SUPPORT Provide sustained system 
capability 

Sustaining Engineering 
Upgrades and in service modifications of the system. 
Updated drawings, diagrams, algorithms, models 

RETIREMENT Store, archive, or dispose 
of system 

End-of-life plan for retirement, disposal, recycle 

The focus in the concept stage is to define the system of interest and investigate the extent of 
the effort, time, and cost to provide that system of interest.  Most of the work in the concept 
stage is conducted to: 

1) facilitate a common understanding of the problem being solved; 
2) identify and elicit stakeholder needs and expectations 
3) define a common vision, goals, and objectives for the system of interest 
4) identify drivers and constraints 
5) evaluate the project, technical, and operational risks associated with candidate concepts 

by performing feasibility analyses (cost, schedule, technical, political, environmental, 
ethical, etc.) and trade studies;  

6) define and baseline a feasible concept for the system of interest needed to address that 
problem; 

7) discover and document a set of stakeholder needs; 
8) transform the stakeholder needs into system requirements.   

The development stage starts with the results from the concept stage efforts. The work products 
shown in Table 1 representing the system under development have been defined.  If the work 
products have been created using SE tools that support increasing granularity, work products 
and their underlying data and information developed during the concept stage can continue to 
be used in the development stage with added information and refinement.  During development, 
the concept is transformed into a design, and in that transformation, design and technical issues 
are resolved as an integral part of the SE lifecycle process.  

As a system progresses from one lifecycle stage to the next, the number of work products and 
their underlying data and information increase rapidly.  The data and information from the 
concept stage serve as input to the later stages and help to identify areas where deeper 
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analysis is necessary.  Feedback from these analyses is used to update the various work 
products and their underlying data, information, and the concept, if needed.  Traceability 
between data and information from the previous stage and the subsequent stages is established 
and maintained, as is rationale for all changes.  Linking the data and information within and 
between lifecycle stages, is fundamental to establishing integrated, shareable sets of data and 
helping to ensure consistency, correctness, and completeness of the resulting data. 

Within many organizations, these processes are frequently executed by different disciplines and 
organizations across the various SE lifecycles, often resulting in ñsilosò within the developing 
organization and especially between external organizations.  A primary outcome of 
implementing SE from a data-centric perspective within an organization is to breakdown the 
silos and integrate these work products and their underlying data, into integrated, shareable 
sets of data. 

3.2 WHAT IS A MODEL? 

All the SE work products and underlying data and information discussed in the previous section 
are represented within the integrated, shareable sets of data.  These work products include 
various types of models.  The use of models during SE lifecycle process activities is an 
important part of the MBSE Initiative.  In the context of SE, the INCOSE SE HB states that ña 
model that represents a system and its environment is of particular importance to the systems 
engineer who must analyze, specify, design, and verify systems, as well as share information 
with other stakeholders.  Different types of models are used to represent systems for different 
modeling purposes.ò  

Because of this, it is instructive to understand what a model is.  Definitions of ñmodelò include: 

¶ A physical, mathematical, or otherwise logical representation of a system, entity, 
phenomenon, or process (DoD 1998).  

¶ A representation of one or more concepts that may be realized in the physical world 
(Friedenthal, Moore, and Steiner 2009). 

¶ A simplified representation of a system at some particular point in time or space 
intended to promote understanding of the real system (Bellinger 2004). 

¶ An abstraction of a system, aimed at understanding, communicating, explaining, or 
designing aspects of interest of that system (Dori 2002).  

¶ A selective representation of some system whose form and content are chosen 
based on a specific set of concerns; the model is related to the system by an explicit 
or implicit mapping (Object Management Group 2010). 

¶ An approximation, representation, or idealization of selected aspects of the structure, 
behavior, operation, or other characteristics of a real-world process, concept, or 
system. (IEEE 610.12-1990). 

In the INCOSE SE HB, the word ñmodelò shows up over 680 times!  The term is used to refer 
the various kinds of models, visualizations of the data and information contained in an analytical 
model, as well as documents, diagrams, drawings, or any other representation of a system.  
Examples include: lifecycle model, modeling and simulation, SysML or other language based 
models, SE Vee model, spiral model, event model, modeling artifacts, model taxonomy, mental 
models, competency models, engineering model, development model, system model, product 
model, graphical models, mathematical models, physical models, operational analysis models, 
logical models, functional models, architectural models, behavioral models, meta-models, cost 
models, process models, rule models, ontological models, belief models, project models, 
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capability models, data models, structural models, analytical models, business models, 
representation models, temporal models, mass models, probabilistic models, parametric 
models, layout models, network models, concept models, information models, maturity models, 
SE process model, reference model, domain models, and T-shaped model.   

In order to practice SE from a data-centric perspective, each of these types of models are 
represented by data and information that must be included in the projectôs integrated, shareable 
sets of data.  

Note: the above list of the various types of models exceeds the set of models that any one 
project will need or use.  Each model type is generated for a specific purpose or need the 
project or SE practitioner wishes to address.  Projects need to decide, and document in their 
Systems Engineering Management Plan (SEMP) which types of modeling work products are 
needed to meet their needs.  Those models will then be leveraged for a particular SE effort. 

Because of the usefulness and value of models, especially an integrated, shareable data and 
information model of the system, the MBSE Initiative was formed. 

3.3 WHAT IS MODEL-BASED SYSTEMS ENGINEERING (MBSE)? 

INCOSE SE HB, Section 9.2 (INCOSE 2015) defines MBSE as stated in the INCOSE Systems 
Engineering vision 2020 (2007) as: ñthe formalized application of modelling to support system 
requirements, design, analysis, verification and validation activities beginning in the conceptual 
design phase and continuing throughout the development and later life cycle phases.ò  

The INCOSE SE HB goes on to say that: ñMBSE is often contrasted with a traditional documentȤ
based approach to SE.  In a documentȤbased SE approach, there is often considerable 
information generated about the system that is contained in documents and other artifacts such 
as specifications, interface control documents, system description documents, trade studies, 
analysis reports, and verification plans, procedures, and reports. The information contained 
within these documents is often difficult to maintain and synchronize, and difficult to assess in 
terms of its quality (correctness, completeness, and consistency).ò 

ñIn an MBSE approach, much of this information is captured [electronically] in a system model 
or set of models. The system model is a primary artifact of the SE process. MBSE formalizes 
the application of SE through the use of models. The degree to which this information is 
captured in models and maintained throughout the life cycle depends on the scope of the MBSE 
effort. Leveraging an MBSE approach to SE is intended to result in significant improvements in 
system requirements, architecture, and design quality; lower the risk and cost of system 
development by surfacing issues early in the system definition; enhance productivity through 
reuse of system artifacts; and improve communications among the system development team.ò 

The artifacts discussed above are the work products and their underlying data and information.  
It is important to understand that not all work products are models and not all models have to be 
analytical. In addition, it is helpful to understand that various views or visualizations of the data 
and information are not the same as the model which these views represent.  Analytical models 
include a series of diagrams or other work products represented by underlying data and 
information stored in a database.  Example diagrams include: package diagram, requirement 
diagram, activity diagram, sequence diagram, state machine diagram, use case diagram, block 
definition diagram, internal block diagram, parametric diagram (Novel 2016).  Each of the 
diagrams or other work products is a visualization of the data and information in the database 
from whatever perspective is needed by the user to communicate a specific message or 
address a specific need.  
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In Zane Scottôs blog (ZSCOTT 2016), Models and Views, he addresses this confusion by 
making a distinction between models and views. The paper states: ññModelò and ñviewò are terms 
that are used somewhat loosely in the world of systems engineering. Often they are used 
interchangeably. Frequently, the imprecision of their usage causes confusion. Views, which might be 
pictures, diagrams, or textual descriptions of various aspects of the reality, can easily be considered 
models [based on the definitions above]. But doing so can lead to a loss of some of the power 
available in a system where models and views are understood differently. There is a strong value-
add to be had from understanding documents and views in relation to models rather than seeing 
them as interchangeable concepts. A better approach involves a model that offers different views in 
order to serve different purposes. The documents/views flow from the model as structured answers 
to particular queries of the model.ò 

Given there can be multiple types of models, and visualizations of the data and information in 
those models generated while progressing through the SE lifecycle processes, a 10,000-foot 
level view of SE from a data-centric perspective is needed to help understand the context in 
which work products and their underlying data and information are generated and used.   Thus, 
when a model needs to be shared, it is the sets of data representing the model that needs to be 
shared rather than the artifacts which are visualizations of the data and information in the sets of 
data. (Malone et al 2016) 

MBSE is not really about any particular type of model or visualization of data and information ï 
whether that be a diagram, report, or document ï but is about the underlying integrated data 
and information model that enables consistency across such models and visualizations. Hence 
the ñModelò in Model-Based Systems Engineeringò refers to the information model, not a 
specific type of model, diagram, or other visualization of the data in the model. (Malone et al 
2016) 

This data and information model is represented by a projectôs integrated, shareable sets 
of data that is a foundation of SE.  These integrated, shareable sets of data represent the 
data an information model of the system of interest - work products and artifacts are 
visualizations of the data and information, they are not the model. 

 

Figure 3: Integrated Data as a foundation for SE  
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As shown at the top of Figure 3, work products such as budgets, schedules, requirements, 
designs, diagrams, drawings, SysML or other language-based models, processes, and plans, 
etc. are created as part of the SE lifecycle process activities.  The underlying data and 
information representing these work products is stored and managed either electronically in 
databases or as electronic files and documents. This data and information can be managed 
within integrated, shareable sets of data that represent those work products.   

Guides, standards, policies, and procedures can also be included in the integrated, shareable 
sets of data. The integrated, shareable sets of data are managed via the enterprise and project 
data governance, information management, records management, and DB administration 
requirements and processes. In order for the data and information to be considered the ñground 
truthò as discussed earlier, the integrated, shareable sets of data must be maintained and 
managed under strict configuration control. 

Fundamental to forming integrated, shareable sets of data, the organization needs to define and 
document a project ontology. The ontology includes the formal naming and definition of a set of 
terms, entities, data types, and properties as well as defining the relationships between these 
terms, entities, data types that are fundamental to the project and organization the project is part 
of.   The projects within the organization need to define and document an ontology that is 
consistent with the organizationôs ontology as well as their customerôs ontology. Having a 
documented ontology for an organization and projects within that organization helps ensure 
consistent use of this information across all lifecycle stage activities and across various groups 
within and external to the organization. 

Based on this ontology, the project needs to define a master schema for the projectôs integrated, 
shareable sets of data.  The schema is a description, in a formal language, of the database 
structure that defines the objects in the databases, shows how real-world entities are modelled 
in the database, and integrity constraints that ensure compatibility between parts of the schema. 

All databases and file management repositories in the projectôs integrated, shareable sets of 
data need to have a schema consistent with the projectôs master schema to ensure compatibility 
of the data and information, allowing the data and information to be shared among the various 
SE tools in the projectôs toolset, and allowing data and information to be shared across various 
groups within and external to the organization. 

As shown at the bottom of Figure 3, once the integrated, shareable sets of data have been 
populated, it becomes the source for subsequent system lifecycle activities, resulting work 
products, and their underlying data and information. The database management tools allow the 
projectôs SE toolset to access data and information from the integrated, shareable sets of data 
which becomes a foundation of all the projectôs SE lifecycle activities. This view of SE from a 
data-centric perspective is essential to manage the system development efforts across all 
lifecycle stages and to address the challenges of increasingly complex systems of the future.  

3.4 SE FROM A DATA-CENTRIC PERSPECTIVE DEFINED 

To help emphasize the concept that data is a foundation of SE, the authors propose the 
following modified definitions of SE from a data-centric perspective:  

1) ñSE, from a data-centric perspective, involves the formalized use of integrated, 
shareable sets of data to support concept maturation, requirements development, 
design, analysis, verification and validation activities beginning in the conceptual 
design phase and continuing throughout the later life cycle phases.  The integrated, 
shareable sets of data represent the SE work products and their underlying data 
and information generated during each lifecycle phase.ò 
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2) Or perhaps a little shorter version in a single sentence: ñSE, from a data-centric 
perspective, involves the formalized application of integrated, shareable sets of 
data to represent the SE work products and underlying data and information 
generated to support concept maturation, requirements development, design, 
analysis, and verification and validation activities throughout the system life cycle, 
from conceptual design to retirement.ò 

3) Or more briefly still (although perhaps too brief): ñSE, from a data-centric perspective, 
involves the formalized application of integrated, shareable sets of data to represent 
the SE work products and underlying data and information generated throughout 
the system life cycle.ò 

In the David Longôs blog (DLONG 2016), One Model to Coordinate Them All, he discusses the 
concept of an overall model that coordinates all other models.  He states: ñRequirements models, 
activity models, interface models, parametric models, reliability models, thermal models, power 
models, finite element models, é the list goes on and on. In this drive towards model-based 
systems engineering (MBSE) ï and ultimately model-based engineering to connect the product 
lifecycle ï how can we make sense of this vast portfolio of models? How can we effectively manage 
the models and use them to gain leverage over the problem at hand so that we engineer the system 
rather than becoming distracted by our models?  The models for these analytic dimensions are not 
new. These are the models that engineering disciplines have developed over the years. Which we 
choose differs based upon the system of interest, and the set of analytic models chosen bring rigor, 
effectiveness, and efficiency to the systems engineering.ò 

ñWithin the INCOSE community, we often focus on a second type of model ï what many call the 
descriptive systems model, what I often term the architectural systems model. This covers the space 
from concept of operations through requirements, behavior, physical architecture, and verification & 
validation.ò 

 ñThere is one and only one architectural model ï broad in scope, fundamentally interconnected in 
nature ï and that architectural model connects and coordinates the diverse analytic models. Done 
well, the architectural model addresses both the problem and solution, reflecting and integrating the 
key dimensions of both in a manner that clearly reflects the interconnected nature of the system. 
Done well, the architectural model aligns and maps key terminology across disciplines and 
concerns, connecting the various perspectives and analytical considerations. In addressing needs, 
logical solution, physical solution, and V&V, the descriptive model is highly connected.ò 

From a data-centric perspective of SE, this one architectural model is represented by the 
integrated, shareable sets of data.  Building on this concept, and taking a broader, data-centric 
view, the integrated, shareable sets of data represents not only a model of the system under 
development (architectural model) but also represents a model of all the SE lifecycle process 
activities, resulting work products, and their underlying data and information. 

With a data-centric perspective of SE, the capability to capture, manage, access data, and 
manage the interrelationships between SE work products can be accomplished through a 
variety of methodologies, which range from the establishment of a single relational database to 
a virtually integrated, but distributed, database by means of a federation (or data map/index) of 
disparate data sources (as shown in Figure 3). As stated in NASAôs Expanded Guidance for SE 
(NASA 2016): 

ñIn all cases, the interrelationships (both within and between data sources) among the various data 
items are captured. Establishment of a ñmaster mapò or ontology (i.e., a common vocabulary for the 
types and attributes of the data items and their associated interrelationships) up front, for all these 
data items and their associated interrelationships, facilitates the establishment of this capability.ò  
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This section goes into more detail concerning what it means to practice SE from a data-centric 
perspective providing guidance that can be used to understand and successfully create and 
manage the integrated, shareable sets of data within an organization.  This section starts with a 
discussion concerning the need for enterprise and business management buy in and support 
needed to transition the organization from their present state to practicing SE from a data-
centric perspective.  Key concepts from big data are introduced including: data governance, 
information technology, and data management. (Berson 2011), (Ladley 2012), (Soares 2014), 
and (Starling 2015).  These are probably new concepts few systems engineers have thought 
about - let alone addressed in their organization - yet are essential concepts for organizations to 
understand to be successful in their journey towards implementing SE from a data-centric 
perspective.  This section concludes with a description concerning the current state of many 
organizations practicing SE and the path needed to move from their current state to a future 
state where the projects within the organization practice SE from a data-centric perspective 
using integrated, shareable sets of data. 

4.1 SUCCESS STARTS AT THE TOP  

For projects to successfully implement SE from a data-centric perspective the journey must start 
at the top. Stakeholder needs and requirements exist at several levels (Ryan, 2013) within an 
organization as shown in Figure 4.  

 
Figure 4: Levels of Stakeholder needs and Requirements (Ryan 2013)  

Reprinted with permission from Mike Ryan. All other rights reserved.  

(Note: Section numbers in Figure 4 refer to the sections in the INCOSE SE HB that address these processes.) 

At the top, there is an enterprise level in which enterprise leadership sets the enterprise 
strategies; a business management level in which business management derives business 
needs, constraints, and requirements; a business operations level (where the projects exist) 
in which stakeholders define their needs and requirements; a systemsô level in which the system 
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is defined in logical and physical views; and subsequently, there are lower levels for the 
subsystem and other system elements.   

To successfully practice SE from a data-centric perspective, the levels of the enterprise above 
the project level need to address process, tools, and people:   

¶ Processes need to be defined at the enterprise, business management, and business 
operations levels that support the chosen level of SE from a data-centric perspective 
capability; 

¶ SE tools and information technology (IT) infrastructure appropriate to the level of SE 
capability chosen needs to be provided by the IT organization at the business operations 
level; and   

¶ People within the projects need the training, knowledge, and experience appropriate to the 
level of SE capability being implemented by the organization consistent with type and 
complexity of systems being developed and the SE toolset adopted by the enterprise. 

At the enterprise level, strategies are defined that will guide its future.   Leadership 
communicates their intentions regarding the operation of the organizationðin terms of existing 
systems, processes, and systems to be developed.  Leadership defines the enterprise in terms 
of óbrandô and establishes a mission statement and corresponding goals and objectives which 
clearly state the reason for the enterprise and its strategy for moving forward.  

The senior leadership develops a vision and advocates for the need to adopt SE from a data-
centric perspective.  Leadership acknowledges the benefits and Return on Investment (ROI) 
associated with implementing SE from a data-centric perspective.   

At the business management level, the concepts, needs, resulting requirements are 
documented that will result in an infrastructure that enables the enterprise to adopt SE from a 
data-centric perspective.  This includes choosing the level of SE capability appropriate to the 
projects, defining data governance and information management policies and plans, and 
developing the information technology (IT) architecture requirements tailored to the needs of the 
projects, product lines, and culture of the enterprise.  Included at this level configuration 
management (CM) policy is defined.   

Key measures are defined enabling management to track progress, identify and manage risk, 
identify issues and take action before the issues become problems.  These measures include 
data to help quantify the ROI.  For each project, business management defines ñsuccessò in 
terms of these measures which they use to track each projectôs progress. 

At the business operations level where the projects operate, the infrastructure is put in place 
to allow projects to develop and manage systems using an SE approach from a data-centric 
perspective at the level of SE capability defined by business management.  This involves 
defining an organization standard ontology, operating procedures, work instructions, processes, 
etc.; acquiring the IT infrastructure, defining a master schema for the project databases and file 
management systems, and acquiring an SE toolset with the capabilities and features needed by 
the projects that are developing systems.  In addition, the infrastructure is put into place needed 
to train project and engineering teams in the processes and SE toolset as well as in the 
concepts associated with practicing SE from a data-centric perspective.   

For organizations with multiple business units, each with different product lines, each business 
unit provides the infrastructure tailored to their unique needs.  Note that the various business 
units may decide on different implementations of SE from a data-centric perspective.  Section 
5.1 discusses SE Capability Levels (SCLs) that allow organizational elements to tailor their SE 
capabilities needed to successfully manage the development of the systems in their specific 
domain and types of systems they develop. 
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It is important to understand that often a system development effort involves multiple 
organizations who must work together.  A prime example is the Boeing example of system 
complexity where the Boeing 787 (Malone et al 2016), over 30 companies based in countries 
around the world were involved in building large portions of the airplane.  Systems of systems is 
another example where multiple organizations work together to achieve a common goal. This 
includes all organizations involved in a systemôs ecosystem both internal as well as external to 
the developing organization or the owner and operator of the system.  A key premise of 
practicing SE from a data-centric perspective is 1) data from all organizations and systems is 
available, 2) all organizations involved form and comply with a common ontology, and 3) All 
organizations practicing SE from a data-centric perspective form integrated sets of data that 
adhere to interoperability standards such that the data and information can be shared between 
organizations. 

Assuming these activities discussed above are completed at the enterprise, business 
management, and business operations levels for all organizations involved in the systemôs 
development, the projects within the business operations level of each organization will have a 
much greater chance of success in implementation of SE from a data-centric perspective.   For 
a project to be successful, the following actions must be completed: 

Å The senior management has agreed to implement SE from a data-centric perspective, 
and there is an enterprise level ñchampionò. 

Å Data governance and information management policies have been defined.  

Å The level of data-centric SE capability consistent with the needs of the project has been 
agreed to. 

Å An IT infrastructure has been put into place that meets the needs of the project. 

Å An SE toolset consistent with the needs of the project has been procured and licenses 
put in place. 

Å The project has a defined ontology and master schema for the projectôs integrated, 
shareable sets of data.  

Å Plans, processes, procedures, and work instructions have been defined by the 
program/project (plans include: Project Management Plan (PMP), Systems Engineering 
Management Plan (SEMP, and Information Management Plan (IMP)). 

Å Project team members are trained in practicing SE from a data-centric perspective, the 
SE tools, defined schema, plans, processes, procedures, and work instructions. 

4.2  DATA GOVERNANCE 

Data Governance (DG) is the formulation of policy to optimize, secure, manage, and leverage 
data and information as an enterprise asset.   

The following basic principles of DG need to be established at the enterprise level.  These basic 
principles guide all enterprise activities: 

¶ Data and information are assets ï Data and information are assets that have value to 
the enterprise and must be managed accordingly. Data and information are the life-blood 
of the enterprise. 

¶ Data and information must be able to be trusted ï To be trusted the data and information 
must be correct, consistent, of high quality, and managed. 

¶ Data and information must be Secure ï Data and information must be protected from 
unauthorized use and disclosure.  

¶ Data and information risk must be mitigated ï There is risk associated with data and 
information which must be recognized and mitigated. This risk also can represent a 
liability if data and information is compromised or misused. 
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¶ Data and information must be accessible and shareable ï Users must have access to 
the data and information necessary to perform their duties; therefore, data and 
information must be sharable across the enterprise functions and organizations that 
have a need for the data and information. 

¶ Data and information have an owner and steward ï Each data element and information 
have a data owner accountable for proper management, access, and usage of the data 
and information and a steward accountable for data and information quality. 

¶ A Common Vocabulary (ontology and schema) must be defined - All data and 
information must be clearly defined consistently throughout the enterprise with the 
definitions understandable and available to all stakeholders.  

DG for the enterprise is established and controlled at the business management level to 
implement the basic principles defined by the enterprise.  The focus is on the ñwhatò.  The 
ñHowò, implementation, is defined at the business operations/project level.  DG includes vision, 
principles, processes, and requirements to oversee and control the management of data and 
information and the use of data and data-related resources and information within the enterprise 
to: 

¶ Ensure that data and information is managed in alignment with the basic principles and 
needs of the enterprise;  

¶ Manage data and information within the largest relevant context of the enterprise 
strategy, goals, and objectives;   

¶ Define the data and information to be governed and policies for: security, access, 
sharing, quality, and backup/archival storage, and retention;  

¶ Ensure compliance with regulations, standards, policies, and requirements that govern 
access, privacy, quality, and security of the data and information; 

¶ Support and enable knowledge-based decisions, analysis, and analytics; 

¶ Ensure data and information usage achieves maximum value to the enterprise and its 
customers while managing the cost and quality of information handling; and 

¶ Enforce the consistent, integrated, and disciplined use of data and information within the 
enterprise and partners.  

DG requires cross-organizational cooperation to deliver timely, trustworthy data for better 
decisions and knowledge. DG is achieved through a partnership between the Business 
Management and Business Operations as shown in Figure 5.  

 

Figure 5: Cross-organizational cooperation 
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Data Governance defines the rules ñwhatò.  Data Management and Information Technology 
adhere to the rules ñhowò.  Data Management defines the needs and requirements for the 
information technology infrastructure.  Information Technology supplies and maintains that 
infrastructure per those requirements.  Organizational elements (business units and projects) 
conduct business operations in adherence to the rules and within the supplied infrastructure. 
The organizational elements are responsible for their Data Management and the resulting data 
and information assets. 

4.3 INFORMATION TECHNOLOGY 

Information Technology (IT) is responsible for the IT infrastructure needed in support of 
business management level data governance and management needs and requirements.  The 
IT organization exists at the business operations level. The role of IT is to: 

Ɇ Develop, establish, and manage enterprise data architecture and platforms in alignment 
with data governance and data management policies, principles, processes, and 
requirements defined at the business management level.  

Ɇ Supply, maintain, and provide support for hardware and software (Project Management 
and SE toolsets) needed to meet the needs of the organizational element data 
management activities. 

Ɇ Design and implement data access, security, search, sharing, quality, backup, and 
archival storage control services in alignment with enterprise data governance and 
management and needs of the individual organizational elements. 

4.4 DATA MANAGEMENT 

The purpose of Data Management (DM) is the management of data and information assets 
within an enterprise and organization element(s).  DM occurs at the business operations level 
by the business units and programs/projects within the business units.  DM addresses the ñhowò 
to implement data governance and data and information management requirements defined at 
the business management level.  There are multiple levels of data management: 

Ɇ Business Management:  defines, controls, monitors implementation, and ensures 
compliance with enterprise data governance policies, requirements, and processes and 
provides the direction, philosophy, and mindset required to manage enterprise data 
assets. 

Ɇ Organizational Element(s): develop, implement, and manage data and information 
management plans that implement enterprise data governance requirements and 
processes.  The organizational elements are responsible for the day-to-day ñactivitiesò 
that must be performed to achieve the management of data and information assets 
within the organizational element. Practicing SE from a data-centric perspective is 
enabled by these data and information management activities. 

Figure 1 includes the following technical management processes: project planning, project 
assessment and control, decision management, risk management, configuration management, 
information management, measurement, and quality assurance (QA).   

The Project Planning Process (INCOSE SE HB section 5.1) includes the development of a 
Project Management Plan (PMP) that establishes the direction and infrastructure necessary to 
enable the assessment and control of the project progress and identifies the details of the work 
and the needed set of personnel, skills, and facilities with a schedule and budget for resources 
from within and outside the organization needed to produce the system of interest.  
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A major activity in project planning is preparing the Systems Engineering Management Plan 
(SEMP).  The SEMP needs to:  

¶ establish that the project will conduct SE from a data-centric perspective and define the 
level of SE capabilities that will be used by the project.   

¶ include definitions of the SE lifecycle processes and identification of all work products 
generated as part of the activities associated with these processes as well as the major 
deliverables of the project.  

¶ address the form of the work products (paper vs electronic), the SE tools to be used to 
generate and maintain the work products and underlying data and information, and the 
IT infrastructure needed.  

¶ define the key measures and work product attributes that will be used to manage the 
system development effort  

¶ define a project ontology  

Both the PMP and SEMP need to identify the measures and reports that will be used to manage 
and track progress of the system development lifecycle process activities.  These reports help 
define the data and information needed to be managed within the integrated, shareable sets of 
data.  Knowing what data and information will be included in the reports helps inform the 
formation of the project master schema which individual sets of data and databases will 
conform. 

The Information Management Process (INCOSE SE HB section 5.6) supplements the PMP and 
SEMP addressing the functions associated with project information management.  The 
Information Management Process ensures the projectôs data and information is properly stored, 
maintained, secured, and accessible to those who need it, thereby establishing/maintaining 
integrity of relevant system lifecycle work products and underlying data and information. The 
Information Management Process provides the basis for the management of and access to 
project data and information throughout the system lifecycle.  

Specific details concerning the Information Management Process are tailored to a specific 
project and included in the projectôs Information Management Plan (IMP). The IMP identifies the 
systemπrelevant data and information to be collected, retained, secured, and disseminated. The 

preparation of the project IMP at the beginning of the project is essential to reap the benefits of 
practicing SE from a data-centric perspective. The IMP needs to: 

¶ identify the resources and personnel skills required specific to information management;  

¶ define the tasks to be performed;  

¶ define the rights, obligations, and commitments of parties for generation, management, 
and access;  

¶ identify data and information management tools and processes, as well as 
methodologies, standards, and procedures that will be used by the project;   

Ɇ establish the scope of project data and information that is to be maintained;  

Ɇ define a master schema for the integrated, shareable sets of data and databases that 
will be used to store the data associated with the various work products and underlying 
data across all SE lifecycle processes.  The schema includes formats and media for 
capture, retention, transmission, and retrieval of data and information;   

Ɇ establishing and maintaining a system data dictionary;  

Ɇ define project relevant data and information, access privileges, and sharing criteria; Ο 

Ɇ Identify valid sources of data and information and designating authorities (owners) and 
responsibilities regarding the origination, generation, capture, archival, sharing, and 
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disposal of information in accordance with the records and configuration management 
process and governing standards and requirements; and 

Ɇ Identify the standards by which the data and information will be created, managed, and 
stored.  These standards enable the integration and sharing of the data and information 
contained in the integrated, shareable sets of data. (See section 4.5.2 for more 
information on data sharing standards.) 

As stated in the INCOSE SE HB (INCOSE 2015) of particular concern for practicing SE from a 
data-centric perspective is ñthe integration of data and information via databases, such as the 
decision database, the various sets of data that represent the SE lifecycle work products, the 
ability to access the results from decision gate reviews and other decisions made by the project; 
requirements management and modeling tools and databases; computerπbased training and 

electronic interactive user manuals; websites; and shared information spaces over the Internet, 
such as INCOSE Connect.ò  

With effective data and information management, data and information is readily accessible to 
authorized project and organizational element personnel. Challenges related to maintaining 
databases, security of data, sharing data across multiple platforms and organizations, and 
transitioning when technology is updated are all need to be addressed by the PMP, SEMP, and 
IMP.   

Effective data and information management is essential to successfully implementing SE 
from a data-centric perspective, enabling the projects to create and manage integrated, 

shareable sets of data that will be a foundation of all the projectôs SE activities. 

4.5 DEVELOPING THE INTEGRATED, SHAREABLE SETS OF DATA 

ñSE, from a data-centric perspective, involves the formalized application of integrated, shareable 
sets of data to represent the SE work products and underlying data and information generated 
throughout the system lifecycle.ò  

The integrated, shareable sets of data are at the core of practicing SE from a data-centric 
perspective. The integrated, shareable sets of data include the data and information from 
several databases and files created by the various SE tools used to develop, document, and 
manage the various work products (e.g., use cases, diagrams, requirements, models, designs, 
etc.) and their underlying data and information.  In adopting SE from a data-centric perspective, 
the end state is to integrate these databases and files into integrated, shareable sets of data as 
was shown in Figure 3.   

It is critical that, at the beginning of a project, the project defines and documents an ontology 
and a master schema for the projectôs integrated, shareable sets of data.  Doing this allows the 
work products and their underlying data and information to be shared between SE tools and 
other organizations.  Key considerations in defining the schema include defining the entities, 
consistent with the ontology, that will be stored in the databases, defining the attributes that will 
be included as part of a requirement expression, measures that will be used to track the project 
status, and defining the reports and associated data and information needed by management.  
This includes both PM and SE management reports, data, and information. 

Key attributes of the envisioned integrated, shareable sets of data include: 

¶ There is a defined ontology to which all the sets of data are consistent 

¶ There is a master project schema to which all the sets of data comply 



  
 

Integrated Data as a Foundation of System Engineering 
INCOSE-TP-2018-00X-0X| VERS/REV: 1| xx xx 2018                                                  

 

24 

¶ The PM and SE tools used to generate the sets of data comply fully with the industry 
interoperability standards as discussed in section 4.5.2. 

Achieving an SE capability level where the project has integrated, shareable sets of data will not 
happen overnight.  It will take a journey lasting several years. 

4.5.1 MOVING FROM THE CURRENT STATE TO A STATE THAT INCLUDES INTEGRATED, 
SHAREABLE SETS OF DATA 

 
Figure 6: Current State: Siloed organizations and sets of data 

As shown in Figure 6, different organizations or parts of an organization are often involved in the 
various SE processes for each lifecycle stage, using a variety of project management and SE 
tools to produce and manage the various work products and their underlying data and 
information.  There is no defined master ontology for the enterprise nor project.  There is no 
master schema for the sets of data representing the work products. The SE tools store the data 
and information representing the various work products either as electronic files or documents 
(shown as a solid line) or in their own proprietary database using a proprietary schema.  Unless 
these tools support a standard for sharing data with other tools, the data in these individual 
databases are not compatible making it difficult to share data between tools and organizations.  

Without a view of SE from a data-centric perspective, data and information generated by one 
group or organizational element using a specific tool are either not made available to those 
involved in the other lifecycle processes or the tools used. The result is data and information 
that is difficult to share as well as hindering the ability to maintain consistency, completeness, 
and correctness of the data and information across all lifecycle stages.  

As shown in Figure 7 and Figure 8, interim states, the project has a master ontology and a 
master schema defined for their integrated, shareable sets of data.  The tools in the 
organizationôs SE toolset used to generate and manage work products and their underlying data 
and information have either:  

1) special software procured or developed to extract data and information from the 
individual SE tool databases, transform that data and information to conform to the 
projectôs master schema, and load the transformed data and information into the 
integrated, shareable sets of data (this process is referred to as the ETL process); or 

2) databases having a schema that is consistent with the projectôs master schema allowing 
the data and information in these databases to be integrated directly into the projectôs 
integrated, shareable sets of data without having to go through an ETL process. 
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Figure 7: Interim State: Data from existing databases imported into the integrated, 

shareable sets of data  

The first case, shown in Figure 7, will be the most common for most organizations as they start 
their journey towards establishing integrated, shareable sets of data enabling them to practice 
SE from a data-centric perspective. PM has their own legacy tools for budget and scheduling - 
each with their own methods of tracking various project management performance measures.  
Some organizational elements have legacy tools to develop diagrams that are stored as 
electronic files (as compared to storing work products and their underlying data and information 
in a database). One organizational element may have a robust legacy requirements 
management tool (RMT) that has been in use for many years but has a proprietary database 
schema.  Another part of the organization has just started using an analytical modeling tool that 
can be used to support the generation and management of various lifecycle work products and 
their underlying data and information, but doesnôt have all the robustness of the RMT, so 
requirements continue to be managed in the RMT and imported into the modeling tool via an 
ETL process.  Depending on which standards are supported by the tools, this process could be 
either manual or automated.  Another part of the organization has a legacy design tool that has 
been in use for many years that is not compatible with the modeling tools nor the RMT.  The 
tracking of the system verification and validation activities may be done in the RMT tool, but not 
integrated with the various modeling work products and their underlying data and information. 

The first case is less desirable in that the data and information from these legacy databases will 
have to go through the ETL process to get the data and information into the integrated, 
shareable sets of data and any changes made to the SE tool databases must go through the 
often expensive and time consuming ETL process before the changes can be reflected in the 
integrated, shareable sets of data.  This makes it harder to keep the data in the integrated, 
shareable sets of data current, correct, and consistent across all lifecycle process activities.  
Also, anyone doing analysis, modifying/updating work products and their underlying data and 
information, or generating reports based on the data and information from the integrated, 
shareable sets of data, will have to make sure that the data from these external databases is 
current and consistent. 
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Figure 8: Interim State: Most SE tool databases are included in the integrated, shareable 
sets of data 

The second case, shown in Figure 8, is preferred in that the integrated, shareable sets of data 
contains the individual SE tool databases.  Because their data is consistent with the project 
ontology, their schemas are consistent with the master schema, and these tools support 
standards for interoperability, the data in the databases are compatible and can be shared.  This 
is also preferred because there is only one ñground truthò for the project, the data in the 
integrated, shareable sets of data is under strict configuration control and therefore represents 
the baseline status of the project at any given time.  Any of the ñvisualizationsò of the data will 
represent the current state of the project. 

The second case will most likely mean the organization will need to procure a new SE toolset.  
This can be a big expensive and time-consuming step for most organizations.  If setting on a 
path to procure a new SE toolset, it is advisable to choose SE tools that support the generation 
and management of multiple lifecycle work products and their underlying data and information 
and especially that fully support interoperability standards for compatible tools, schemas, and 
databases.  The perfect case would be to procure a single SE tool that ñdoes it allò, i.e., the one 
tool would result in having an integrated project dataset by default.  That would help to ensure 
all data and information is shareable, current, and consistent across all lifecycle stages.  The 
authors are not aware that such a single SE tool exists. 

Note: in the second case as shown in Figure 8, even though most of the SE tools have 
compatible databases included in the integrated, shareable sets of data, the organization may 
still choose to continue to use some legacy systems, such as budgeting and scheduling 
applications the project is required to use, whose schema is not compatible projects master 
schema. In this case, this data and information will need to go through an ETL process in order 
for the data to be useable by other SE tools. 

As shown in Figure 9, the end state, the project has a master ontology defined and a master 
schema defined for their integrated, shareable sets of data.  All the PM and SE tools used to 
generate work products create and maintain their data and information in a database that has a 
schema consistent with the master project sets of data schema and conform to interoperability 
standards.  This allows these PM and SE tool databases to be compatible and to be included 
within the projectôs integrated, shareable sets of data. 
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 Figure 9: End State: The project has integrated, shareable sets of data -   

INCOSEôs Vision 2025 realized. 

Work products such as budgets, schedules, requirements, designs, diagrams, drawings, 
analytical models, etc. and their underlying data and information are created as part of the SE 
lifecycle process activities.  The data and information representing these work products are 
either stored and managed electronically in databases or as electronic files which can be linked 
to other work products. These databases and files are made part of the projectôs integrated, 
shareable sets of data that represent the projectôs work products and underlying data and 
information.   Guides, standards, policies, and procedures are included in the integrated, 
shareable sets of data. The projectôs integrated, shareable sets of data are managed via the 
enterprise and organizationôs data governance, records management, information management, 
and DB administration requirements and processes. In order for the data and information to be 
considered the ñground truthò as discussed earlier, the integrated, shareable sets of data are 
under strict configuration control. 

Once the integrated, shareable sets of data have been populated, it represents the ground truth 
concerning the state of the project and becomes the source for subsequent lifecycle activities 
and resulting work products and underlying data and information. Interoperability standards 
enable SE tools to share data.  The database management tools allow the projectôs SE toolset 
to access data from the integrated, shareable sets of data.  

The integrated, shareable sets of data become a foundation of all SE lifecycle activities for the 
project. This data-centric SE perspective is essential to manage the system development efforts 
across all lifecycles and address the challenges of increasingly complex systems.  

Note: While the concepts of ontology and schema are critical, the details of how they are 
structured and implemented are beyond the scope of this whitepaper, as are the inclusion of 
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examples for different sizes and complexity of projects. These are topics that can be addressed 
by the appropriate working groups who focus on these areas of interest. 

4.5.2 STANDARDS 

To meet the intent of the MBSE initiative and move towards INCOSEôs Vision 2025, standards 
must be matured and adopted by the various PM and SE tool and database management 
system vendors.   

This is a major issue that organizations and SE tool vendors need to address. As discussed in 
the INCOSE SE HB, (INCOSE 2015) section 5.6, information management process, there are 
several activities in work to develop tool interchange specifications so that ómodelsô and other 
work products and their underlying data and information can be shared among tools.  The HB 
states: ñThe STandard for the Exchange of Product (STEP)ðISO 10303 standard provides a 
neutral computerπinter-operable representation of product data throughout the life cycle.  

¶ ISO 10303π239 (AP 239), Product Life Cycle Support (PLCS), is an international 

standard that specifies an information model that defines what information can be 
exchanged and represented to support a product through life (PLCS, 2013).  

¶ INCOSE is a cosponsor of ISO 10303π233, Application Protocol: Systems Engineering 

(2012). AP 233 is used to exchange data between a SysML TM and other SE application 
and then to applications in the larger life cycle of systems potentially using related ISO 
STEP data exchange capabilities.ò   

Another Initiative by tool vendors to develop common schemas for life-cycle data is OSLC = 
Open Services for Lifecycle Collaboration (https://open-services.net/).ò 

Developing databases complaint with a master schema would make it much simpler for SE tools 
to share sets of data and integrate these databases into the projectôs integrated, shareable sets 
of data.  This would make the SE tools interoperable by default. Conceptually, if the data is 
stored per a common standard and master schema, the data can be shared between the 
various SE tools and these same tools can then be used to visualize the data in whatever form 
is needed by any stakeholder in the organization as shown in Figure 9.   

This view is communicated clearly in the Boeing paper mentioned earlier (Malone et al 2016) ñA 
perennial problem restricting data sharing is that modeling tools tend to be created independently, 
resulting in the tools having different and, often, incompatible data models. To enable data sharing, 
these separate data models need to be mapped, and a data transfer utility produced to perform 
intermediate data transformation as the data are passed between the tools. Creating and managing 
data utilities can easily become more expensive than managing the MBSE environments 
themselves. Compounding this problem is that data sharing among several tools becomes an 

((N)(N-1))/2 scenario as individual data sharing utilities are built between tools.ò 

ñTo ameliorate the problems described above, professional associations should strive to publish 
standard MBSE data models, exchange standards, schema, and accompanying composition/ 
aggregation/construction rules. Boeing employees participate in standards groups within many of 
these associations to contribute to this effort. If these standards were supported by the MBSE 
community and imposed as requirements on the MBSE tool industry, data sharing across MBSE 
environments would be greatly facilitated. Although tool customization for specialized scenarios will, 
most likely, always be required, it would be beneficial if this customization were performed around a 

common data model core.ò 

ñIt would be appreciated if industry delivered MBSE platforms that feature a suite of tools 
incorporating: a robust, flexible hub that provides multiple, industry standard, data creation and 

https://open-services.net/
https://open-services.net/
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manipulation views of the system architecture models; a common data model embedded across the 
tool suite; facile tool integration; and, straightforward data exchange utilities. No tool suite has been 

identified that provides a sufficient number of these features.ò 

Whether the SE tools being used by various organizational elements fully comply with a 
standard, an approach needs to be defined to integrate the different sets of data into the 
projectôs integrated, shareable sets of data.  Fortunately, the INCOSE Tool Integration and 
Model Lifecycle Management Working Group (TIMLM WG) is working toward this goal.  Their 
mission is to capture best practices and guidelines for using computer-based tools, exchanging 
data between tools, and allowing users to operate on this data. 

Once the ability to establish integrated, shareable sets of data becomes a reality, ideally, SE 
tools would be able to use this data to develop, display, and manage the various SE lifecycle 
work products and their underlying data and information.  Done properly, all the benefits of SE 
from a data-centric perspective stated at the beginning of this whitepaper can be realized. 

The infrastructure identified in Figure 9 and the processes to perform the ETL functions, need to 
be enabled by the enterprise, business management, and business operations levels.  With this 
infrastructure in place, the program/project can then define their unique needs in their PMP, 
SEMP, and IMP.  



5.0 DEVELOPING A SYSTEMS ENGINEEING CAPABILITY THAT MEETS  
THE NEEDS OF YOUR ORGANIZATIOPN 
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This section focuses on topics to help organizations develop an SE capability that meets the 
needs of their organization.  To aid in this journey, SE Capability Levels (SCLs) are presented to 
help organizations assess what their current SE capability is from an integrated, shareable sets 
of data perspective and provide a roadmap to get to their desired level of SE capability based 
on their organizationôs specific needs.  Next, the selection of an SE toolset that is needed to 
implement the chosen SCL is discussed.  The final topic in this section provides advice to help 
sell the idea of moving toward a data-centric practice of SE to management and then 
implementing the chosen SCL.  Questionnaires are provided in the appendices to help 
organizations assess their current SCL and identify issues they may be having which can be 
mitigated by practicing SE from a data-centric perspective. 

5.1 LEVELS OF SE CAPABILITY 

It is important for the enterprise to first decide how, and to what extent, they are going to provide 
the capability for projects to implement SE from a data-centric perspective.  This decision must 
be based on the needs of the enterprise while being scaled to the level of rigor that allows the 
system lifecycle process activities to be performed by the projects with an acceptable level of 
risk.  The INCOSE SE HB (INCOSE 2015), Chapter 8, Tailoring Process and Application of 
Systems Engineering, provides excellent guidance in tailoring the SE lifecycle processes to 
meet the needs of the project. 

Once this is decided, the individual projects need to determine what level of SE capabilities they 
need to successfully manage the development of their system of interest.  Once they have 
decided on the level of SE capabilities needed, they can then take the necessary actions 
needed to provide those capabilities.  These actions include:  

Ɇ developing organizational policies, processes, and procedures needed to implement SE 
from a data-centric perspective;  

Ɇ providing requirements to the IT department concerning the IT infrastructure needed, so 
these capabilities can be realized;  

Ɇ selecting and procuring an SE toolset that supports the level of SE decided on; and  

Ɇ training their mangers and systems engineers in the use of the SE toolset and 
processes.   

It is important to realize that this journey towards integrated, shareable sets of data can be 
made in a series of small steps.  The enterprise doesnôt have to jump to completely integrated, 
shareable sets of data at the beginning of their journey.   

Some organizations may want to start with an electronic (vs. hard copy documents) requirement 
management capability with the ability to support allocation and traceability.  Later, they can add 
the capability to manage the requirements and other work products over the lifecycle of the 
project, linking requirements: to the stakeholder needs from which they were transformed, to 
design, and to verification and validation work products.  The project can identify measures to 
track system development activities and identify and manage risks.  They can then add the 
capability to use non-language-based diagrams as single entities without the underlying data, 
e.g., functional flow diagrams or context diagrams, and link the requirements to those diagrams.  
From there, the capability for analytical modeling can be added where the various diagrams, 
requirements, and other work products are visualizations of underlying sets of data (only if there 
is some benefit to be gained from doing so.)  Taking this path can be a slow journey and it will 
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be some time before the benefits of practicing SE from a data-centric perspective discussed 
earlier can be realized. 

An alternate approach some organizations may want to implement (and may need to based on 
the complexity of their systems) is to start with an analytical modeling capability from the 
beginning. This will allow them to incrementally integrate requirements development and 
management with other work products and their underlying data and information into integrated, 
shareable sets of data as well and link work products from all lifecycle process activities 
together.  This path to achieving integrated, shareable sets of data will be shorter, speeding up 
the journey resulting in the organization being able to realize the benefits of practicing SE from a 
data-centric perspective sooner than the previous approach.  

No matter which approach your organization takes, each step in the journey adds capabilities 
that will lead towards establishing integrated, shareable sets of data as a foundation of all 
project lifecycle process activities, enabling the project to meet the challenges of increasingly 
complex systems and realizing the benefits of practicing SE from a data-centric perspective. 

From an IT infrastructure requirements perspective, it is best for the projects to communicate 
the end state envisioned, so their IT department can provide the IT infrastructure and SE toolset 
that is scalable to be able to handle the needs of the organization for the envisioned end state. 

To help in this journey to implement SE from a data-centric perspective, it is useful to define 
different levels of SE ñcapabilityò.   What specific SE capabilities a project needs depends on 
their product line, its complexity, issues they are having and want to address, workforce 
knowledge and experience, the SE toolset being used, and the organizationôs processes, 
standard operating procedures, and work instructions.  

Below are proposed SE Capability Levels (SCLs).  Each level assumes the previous level has 
been experienced and surpassed.  As the organization progresses through the levels, their SE 
capability level increases. As the SCL increases, the organization is getting closer to realizing 
the intent of the MBSE Initiative and will be moving closer to realizing INCOSEôs Vision 2025.  
The journey ends when the organization has reached the SCL that meets the needs of their 
organization. 

(Note: While conceptually, the SCLs defined herein are similar to other capability maturity 
models defined by other institutions, the SCL concept is not the same.  Other capability maturity 
models focus on an organizationôs processes, their definition, their execution, and their 
enforcement.  The SCLs defined herein focus on the capability of an organization to practice SE 
from the data-centric perspective discussed in this whitepaper, with the end state where all 
projects in the enterprise establish integrated, shareable sets of data consistent with the 
enterpriseôs documented ontology and master schema.)  

SCL 0: The various SE lifecycle process are divided across organizational units operating in 
silos.  The enterprise has no documented data and information governance policy. There 
is no defined master ontology for the enterprise nor project. The primary toolset used by 
the project is common office applications: word-processing, spreadsheets, 
presentations, and basic drawing and diagraming tools.  The primary focus of the project 
is on hardcopy, printed documents, design description documents, ICDs, CAD drawings, 
etc.  

While the files representing these work products are stored electronically, they exist as 
independent files (vs. in a database containing underlying data) making it difficult to 
share information contained within the files. Often there are inconsistencies between 



  
 

Integrated Data as a Foundation of System Engineering 
INCOSE-TP-2018-00X-0X| VERS/REV: 1| xx xx 2018                                                  

 

32 

work products, it is difficult to assess completeness, configuration management is a 
nightmare, few, if any, work products are linked together across lifecycle processes, and 
it is difficult to identify and manage dependencies between work products. The project 
baselines and configuration manages the printed documents or electronic versions of the 
printed documents (e.g., pdf files).   

Unfortunately, this level represents many legacy system development processes and 
associated shortcomings seen in todayôs world of more complex systems.  These 
organizations are not equipped to deal with the ever increasingly complex systems and 
cannot realize any of the benefits of practicing SE from a data-centric perspective listed 
earlier.  

SCL 1: The various SE lifecycle process are divided across organizational units operating in 
silos. The enterprise has not documented nor implemented a data and information 
governance policy. There is no master ontology defined for the enterprise nor project.  
The project has not included data management concepts in their PMP nor SEMP.  The 
project has no IMP and have not developed a master schema for the databases 
representing the projectôs work products. The project does not have integrated shareable 
sets of data. 

Some parts of the enterprise may be using diagraming or modeling tools, requirement 
management tools (RMTs), CAD tools, etc. other than standard office tools, but in 
isolation from other parts of the system lifecycle process and organizations responsible 
for those processes.  Legacy PM tools are used to develop and manage PM work 
products and their underlying data and information (e.g., budgets, schedules). The PM 
and SE tools store the data and information representing the various work products 
either as electronic files or in their own proprietary database using a proprietary schema.  
Because there is no project master schema, the data and information in these individual 
databases and files are not compatible - making it difficult to share data between tools 
and organizations.   

Some work products may be linked within the lifecycle silo, but not necessarily across lifecycle 
stages.  For example, allocation, traceability, parent/child, and interface requirement 
relationships are managed within the RMT, but the requirements are not linked to user 
stories, stakeholder needs, diagrams, models, design, systems verification, nor system 
validation work products.  Models developed by the project focus on functionality, 
performance, and interfaces, but often do not reflect quality, design and construction 
standards, nor physical attributes of the system.   

A minimum of work product attributes and associated measures are defined, but the measures 
(and reports based on the measures) are not consistent across organizational units and 
lifecycle process activities and are often out of date. The project has a reliance on 
common office applications and paper-based documentation.  Printed or electronic file 
versions of the work products are what is baselined and configuration managed by the 
organization.   

A diagram of the various work products sets of data for organizations at SCL 1 closely 
resembles that shown in Figure 6. 

SCL 2: Organizational silos are mostly gone, but some still exist. The enterprise has not yet 
documented and implemented a data and information governance policy.  However, a 
master ontology for project has been defined.   The project has included data 
management concepts in their PMP and SEMP and has an IMP. The project has started 
to establish integrated, shareable sets of data with a master schema defined and uses 
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this integrated, shareable sets of data to manage work products and their underlying 
data across all lifecycle processes. 

Most of the work products are being developed using SE tools vs office applications.  
However, a variety of legacy PM and SE tools (e.g., budgets, schedules, requirements) 
are still used to develop and manage some work products and their underlying data 
independent from other tools.  While the project has developed a master schema for 
their integrated, shareable sets of data, many of the SE tools store the data either as 
electronic files or in their own proprietary database using a proprietary schema.  
Because of the use of SE tools with proprietary schema, the data and information in 
these individual databases is not compatible - making it difficult to share data between 
tools and organizations.   

To share the data and information, Extract, Transform, Load (ETL) tools are developed 
or procured and used to input the data from the external databases into the projectôs 
integrated, shareable sets of data. Any changes to the external SE tool databases must 
go through the ETL process before the changes are included in the integrated, 
shareable sets of data.  This makes it difficult to keep the data and information in the 
integrated, shareable sets of data current and consistent across all lifecycle process 
activities and with the external databases.  Anyone doing analysis, modifying work 
products and their underlying data and information, or generating reports based on the 
data in the integrated, shareable sets of data, must make sure the data from the external 
databases is current and has went through the ETL process before being brought into 
the integrated, shareable sets of data before using that data.  

Many, but not all, of the PM and SE work products and underlying data and information are 
linked not only within lifecycle silos, but also across lifecycle stages.  For example, 
requirements are linked to the stakeholder needs and higher-level requirements 
allocated to the system, requirements are linked to models, design is linked to 
requirements, system verification and system validation is linked to design and 
requirements.  There is traceability between requirements, analysis, models, design, 
verification, validation.  The PMP and SEMP define work product attributes to be used to 
manage the overall SE effort across all lifecycle stages.  The PMP and SEMP define 
measures like MOSs, MOEs, MOPs, KPPs, TPMs, LIs to be included in the integrated, 
shareable sets of data. Project data and information are linked with the SE process data 
and information.  The data representing measures and work product attributes is 
accessible and is used to generate reports, dashboards, etc. which are used to better 
manage the project and system engineering processes.  

There may still be some use of common office applications, however the master, ground-truth, 
work products, underlying data and information are managed electronically with any 
paper-based documentation considered as ñreportsò that only represent the electronic 
data and information at the time of printing. However, these reports are what is still 
baselined and configuration managed by the organization vs. the database that contains 
the underlying data.  The project manages the various SE lifecycle process activities 
from the integrated, shareable sets of data.  

For less-complex systems, many of the benefits of SE from a data-centric perspective listed 
earlier can be realized.  A diagram of the various lifecycle process activity sets of data 
closely resembles that shown in Figure 7. 

SCL 3: Silos within the project do not exist, or at least are minimized. The enterprise has 
documented and implemented a data and information governance policy.  A master 
ontology for the enterprise and project has been documented.   There is a master 
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schema defined for the projectôs integrated, shareable sets of data. The project has 
included data management concepts in their PMP and SEMP and have an IMP.  

Most, but not all, of the underlying data representing the SE lifecycle work products are 
included in the projectôs integrated, shareable sets of data. The project has transformed 
their SE process such that most of the PM and SE work products are being developed 
using PM and SE tools that fully conform to interoperability standards.  

The project manages the various SE lifecycle process activities and work products and 
their underlying data and information from the projectôs integrated, shareable sets of 
data. Most of the PM and SE tools adhere to interoperability standards and store the 
data and information either as electronic files or in a database whose schema is 
consistent with the project master schema allowing the SE tool databases to be included 
directly as part of the projectôs integrated, shareable sets of data.   

Because the Projectôs SE Tools adhere fully to interoperability standards and consistent 
schemas, the data and information in these individual databases is compatible - enabling 
the SE tools to share data and data to be shared with other organizations.  

There is only one ñground truthò for the project - the data and information in the integrated, 
shareable sets of data.  The projectôs data and information in the integrated, shareable 
sets of data is under strict configuration control and therefore represents the baseline 
state of the project at any given time. The work products and underlying data and 
information are developed, analyzed, and managed holistically as an integrated system 
made possible because of the existence of integrated, shareable sets of data. Any 
ñvisualizationsò of the data and information in the integrated, shareable sets of data 
represent the current state of the project. 

Note: Even though most of the SE tools have compatible databases included in the integrated, 
shareable sets of data, the enterprise may require the project to continue to use some 
legacy systems, such as budgeting and scheduling applications, whose schema is not 
compatible with the integrated, shareable sets of data. In this case, this data must go 
through a ETL process before the data can be included in the integrated, shareable sets 
of data and be accessible by other tools. 

There may still be some use of common office applications, however the master, ground-truth, 
data and information are managed electronically with any paper-based documentation 
visualizations of the data and information considered as ñreportsò that only represent the 
electronic data and information at the time of printing.  However, these reports are what 
are still baselined and configuration managed by the organization (as contrasted with 
baselining the sets of data(s) that represent those work products).  

Most the benefits of SE from a data-centric perspective listed earlier can be realized for more 
complex systems.  A diagram of the various lifecycle process activity sets of data closely 
resembles that shown in Figure 8. 

SCL 4: SCL 3 plus:  

All the underlying data representing the SE lifecycle work products is included in the 
projectôs integrated, shareable sets of data. All PM and SE work products and underlying 
data and information are developed using SE tools that conform fully to interoperability 
standards and store the data and information in a database whose schema is consistent 
with the projectôs master schema. This allows all SE tool databases to be included 
directly as part of the projectôs integrated, shareable sets of data, enabling all SE tools to 




