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PREFACE

The objective of the International Council on Systems Engineering (INCOSE) Systems Engineering Handbook (SEH)
is to describe key Systems Engineering (SE) process activities. The intended audience is the SE practitioner. When
the term “SE practitioner” is used in this handbook, it includes the new SE practitioner, a product engineer, an engi-
neer in another discipline who needs to perform SE, or an experienced SE practitioner who needs a convenient
reference.

The descriptions in this handbook show what each SE process activity entails, in the context of designing for
required performance and life cycle considerations. On some projects, a given activity may be performed very
informally; on other projects, it may be performed very formally, with interim products under formal configura-
tion control. This document is not intended to advocate any level of formality as necessary or appropriate in all
situations. The appropriate degree of formality in the execution of any SE process activity is determined by the
following:

The need for communication of what is being done (across members of a project team, across organizations, or over
time to support future activities)

The level of uncertainty
The degree of complexity
The consequences to human welfare

On smaller projects, where the span of required communications is small (few people and short project life cycle) and
the cost of rework is low, SE activities can be conducted very informally and thus at low cost. On larger projects, where
the span of required communications is large (many teams that may span multiple geographic locations and organiza-
tions and long project life cycle) and the cost of failure or rework is high, increased formality can significantly help in
achieving project opportunities and in mitigating project risk.

In a project environment, work necessary to accomplish project objectives is considered “in scope”; all other work
is considered “out of scope.” On every project, “thinking” is always “in scope.” Thoughtful tailoring and intelligent
application of the SE processes described in this handbook are essential to achieve the proper balance between the risk
of missing project technical and business objectives on the one hand and process paralysis on the other hand. Part IV
provides tailoring and application guidance to help achieve that balance.

Xix
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HOW TO USE THIS HANDBOOK

PURPOSE

This handbook defines the “state-of-the-good-practice” for the discipline of Systems Engineering (SE) and provides
an authoritative reference to understand the SE discipline in terms of content and practice.

APPLICATION

This handbook is consistent with ISO/IEC/IEEE 15288 (2023), Systems and software engineering—System life cycle
processes, hereafter referred to as ISO/IEC/IEEE 15288, to ensure its usefulness across a wide range of application
domains for engineered systems and products, as well as services. ISO/IEC/IEEE 15288 is an international standard
that provides system life cycle process outcomes, activities, and tasks, whereas this handbook further elaborates on the
activities and practices necessary to execute the processes.

This handbook is also consistent with the Guide to the Systems Engineering Body of Knowledge, hereafter referred
to as the SEBoK (2023), to the extent practicable. In many places, this handbook points readers to the SEBoK for more
detailed coverage of the related topics, including a current and vetted set of references. The SEBoK also includes cov-
erage of “state-of-the-art” in SE.

For organizations that do not follow the principles of ISO/IEC/IEEE 15288 or the SEBoK to specify their life cycle
processes, this handbook can serve as a reference to practices and methods that have proven beneficial to the SE
community at large and that can add significant value in new domains, if appropriately selected, tailored, and applied.
Part IV provides top-level guidance on the application of SE in selected product sectors and domains.

Before applying this handbook in a given organization or on a given project, it is recommended that the tailoring
guidelines in Part IV be used to remove conflicts with existing policies, procedures, and standards already in use
within an organization. Not every process will apply universally. Careful selection from the material is recommended.
Reliance on process over progress will not deliver a system. Processes and activities in this handbook do not supersede
any international, national, or local laws or regulations.

USAGE
This handbook was developed to support the users and use cases shown in Table 0.1. Primary users are those who will

use the handbook directly. Secondary users are those who will typically use the handbook with assistance from SE
practitioners. Other users and use cases are possible.

xxi



xxii HOW TO USE THIS HANDBOOK

TABLE 0.1 Handbook users and use cases

User Type Use cases
Seasoned SE Practitioner. Those who need to Primary » Adapt or refer to handbook to suit individual applicability
reinforce, refresh, and renew their SE  Explore good practices
knowledge e Identify blind spots or gaps by providing a good checklist to
ensure necessary coverage
» References to other sources for more in-depth understanding
Novice SE Practitioner: Those who need to Primary  Support structured, coherent, and comprehensive learning
start using SE * Understand the scope (breadth and depth) of systems thinking
and SE practices
INCOSE Certification: Systems Engineering Primary ¢ Define body of knowledge for SEP certification
Professional (SEP) certifiers and those ¢ Form the basis of the SEP examination
being certified
SE Educators: Those who develop and teach Primary  Support structured, coherent, and comprehensive learning
SE courses, including universities and * Suggest relevant SE topics to trainers for their course content
trainers * Serve as a supplemental teaching aid
SE Tool Providers/Vendors: Those who Primary * Suggest tools, methods, or other solutions to be developed
provide tools and methods to support SE that help practitioners in their work
practitioners
Prospective SE Practitioner or Manager: Those ~ Secondary * Provide an entry level survey to understand what SE is about
who may be interested in pursuing a career to someone who has a basic technical or engineering
in SE or who need to be aware of SE background
practices
Interactors: Those who perform in disciplines Secondary * Understand basic terminologies, scope, structure, and value of

that exchange (consume and/or produce)
information with SE practitioners

SE
e Understand the role of the SE practitioner and their relation-
ship to others in a project or an organization

INCOSE SEH original table created by Yip. Usage per the INCOSE Notices page. All other rights reserved.

ORGANIZATION AND STRUCTURE

As shown in Figure 0.1, this handbook is organized into six major parts, plus appendices.
Systems Engineering Introduction (Part I) provides foundational SE concepts and principles that underpin all other
parts. It includes the what and why of SE and why it is important, key definitions, systems science and systems

thinking, and SE principles and concepts.

gineering

Introduction

Part 11

Life Cycle
Analy

Methods

s and

Part IV

Tailoring and
Application
Considerations

Systems
Engineering in
Practice

Appendices

FIGURE 0.1 Handbook structure. INCOSE SEH original figure created by Mornas. Usage per the INCOSE Notices page. All

other rights reserved.



HOW TO USE THIS HANDBOOK xxiii

System Life Cycle Concepts, Models, and Processes (Part II) describes an informative life cycle model with six
stages: concept, development, production, utilization, support, and retirement. It also describes a set of life cycle
processes to support SE consistent with the four process groups of ISO/IEC/IEEE 15288: Agreement Processes,
Organizational Project Enabling Processes, Technical Management Processes, and Technical Processes.

Life Cycle Analyses and Methods (Part I1I) describes a set of quality characteristics approaches that need to be con-
sidered across the system life cycle. This part also describes methods that can apply across all processes, reflecting
various aspects of the concurrent, iterative, and recursive nature of SE.

Tailoring and Application Considerations (Part IV) describes information on how to tailor (adapt and scale) the SE
processes. It also introduces various considerations to view and apply SE: SE methodologies and approaches, system
types, and project sectors and domains.

Systems Engineering in Practice (Part V) describes SE competencies, diversity, equity, and inclusion, SE relation-
ship to other disciplines, SE transformation, and insight into the future of SE.

Case Studies (Part VI) describes several case studies that are used throughout the handbook to reinforce the SE
principles and concepts.

Appendix A contains a list of references used in this handbook. Appendices B and C provide a list of acronyms and
a glossary of SE terms and definitions, respectively. Appendix D provides an N* diagram of the SE life cycle processes
showing an example of the dependencies that exist in the form of shared inputs or outputs. Appendix E provides a list
of all the typical inputs/outputs identified for each SE life cycle process. Appendix F acknowledges the various con-
tributors to this handbook. Errors, omissions, and other suggestions for this handbook can be submitted to the INCOSE
using instructions found in Appendix G.

SYMBOLOGY

As described in Section 2.3.1.2, SE is a concurrent, iterative, and recursive process. The following symbology is used
throughout this handbook to reinforce these concepts

Concurrency is indicated by the parallel lines.
Iteration is indicated by the circular arrows.

c 5 Recursion is indicated by the down and up arrows.

TERMINOLOGY

One of the SE practitioner’s first and most important responsibilities on a project is to establish nomenclature and ter-
minology that support clear, unambiguous communication and definition of the system and its elements, functions,
operations, and associated processes. Further, to promote the advancement of the field of SE throughout the world, it
is essential that common definitions and understandings be established regarding general methods and terminology
that in turn support common processes. As more SE practitioners accept and use common terminology, SE will expe-
rience improvements in communications, understanding, and, ultimately, productivity.

The glossary of terms used throughout this book (see Appendix C) is based on the definitions found in ISO/IEC/
IEEE 15288; ISO/IEC/IEEE 24765 (2017); and the SEBoK.
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1.1 WHAT IS SYSTEMS ENGINEERING?

Systems Engineering (SE)

Our world and the systems we engineer continue to become more complex and interrelated. SE is an integrative
approach to help teams collaborate to understand and manage systems and their complexity and deliver successful
systems. The SE perspective is based on systems thinking—a perspective that sharpens our awareness of wholes and
how the parts within those wholes interrelate (incose.org, About Systems Engineering). SE aims to ensure the pieces
work together to achieve the objectives of the whole. SE practitioners work within a project team and take a holistic,
balanced, life cycle approach to support the successful completion of system projects (INCOSE Vision 2035, 2022).
SE has the responsibility to realize systems that are fit for purpose, namely that systems accomplish their intended
purposes and be resilient to effects in real-world operation, while minimizing unintended actions, side effects, and
consequences (Griffin, 2010).

Definition of SE
INCOSE Definitions (2019) and ISO/IEC/IEEE 15288 (2023) define:

Systems Engineering is a transdisciplinary and integrative approach to enable the successful realization, use, and retirement
of engineered systems, using systems principles and concepts, and scientific, technological, and management methods.

INCOSE Definitions (2019) elaborates:
SE focuses on:

INCOSE Systems Engineering Handbook: A Guide for System Life Cycle Processes and Activities, Fifth Edition.
Edited by David D. Walden, Thomas M. Shortell, Garry J. Roedler, Bernardo A. Delicado, Odile Mornas, Yip Yew-Seng, and David Endler.
© 2023 John Wiley & Sons Ltd. Published 2023 by John Wiley & Sons Ltd.
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* establishing, balancing and integrating stakeholders’ goals, purpose and success criteria, and defining actual or antic-
ipated stakeholder needs, operational concepts, and required functionality, starting early in the development cycle;

* establishing an appropriate life cycle model, process approach and governance structures, considering the levels
of complexity, uncertainty, change, and variety;

* generating and evaluating alternative solution concepts and architectures;
* baselining and modeling requirements and selected solution architecture for each stage of the endeavor;
 performing design synthesis and system verification and validation;

* while considering both the problem and solution domains, taking into account necessary enabling systems and services,
identifying the role that the parts and the relationships between the parts play with respect to the overall behavior and
performance of the system, and determining how to balance all of these factors to achieve a satisfactory outcome.

SE provides facilitation, guidance, and leadership to integrate the relevant disciplines and specialty groups into a
cohesive effort, forming an appropriately structured development process that proceeds from concept to development,
production, utilization, support, and eventual retirement.

SE considers both the business and the technical needs of acquirers with the goal of providing a quality solution
that meets the needs of users and other stakeholders, is fit for the intended purpose in real-world operation, and avoids
or minimizes adverse unintended consequences.

The goal of all SE activities is to manage risk, including the risk of not delivering what the acquirer wants and
needs, the risk of late delivery, the risk of excess cost, and the risk of negative unintended consequences. One measure
of utility of SE activities is the degree to which such risk is reduced. Conversely, a measure of acceptability of absence
of a SE activity is the level of excess risk incurred as a result.

Definitions of System

While the concepts of a system can generally be traced back to early Western philosophy and later to science, the con-
cept most familiar to SE practitioners is often traced to Ludwig von Bertalanffy (1950, 1968) in which a system is
regarded as a “whole” consisting of interacting “parts.”

INCOSE Definitions (2019) and ISO/IEC/IEEE 15288 (2023) define:

A system is an arrangement of parts or elements that together exhibit behavior or meaning that the individual constituents
do not.

A system is sometimes considered as a product or as the services it provides.

In practice, the interpretation of its meaning is frequently clarified using an associative noun (e.g., medical system,
aircraft system). Alternatively, the word “system” is substituted simply by a context-dependent synonym (e.g., pace-
maker, aircraft), though this potentially obscures a system principles perspective.

A complete system includes all of the associated equipment, facilities, material, computer programs, firmware,
technical documentation, services, and personnel required for operations and support to the degree necessary for
self-sufficient use in its intended environment.

INCOSE Definitions (2019) elaborates:

Systems can be either physical or conceptual, or a combination of both. Systems in the physical universe are composed
of matter and energy, may embody information encoded in matter-energy carriers, and exhibit observable behavior.
Conceptual systems are abstract systems of pure information, and do not directly exhibit behavior, but exhibit
“meaning.” In both cases, the system’s properties (as a whole) result, or emerge, from:

a) the parts or elements and their individual properties,

b) the relationships and interactions between and among the parts, the system, other external systems (including
humans), and the environment.
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SE practitioners are especially interested in systems which have or will be “systems engineered” for a purpose.
Therefore, INCOSE Definitions (2019) defines:

An engineered system is a system designed or adapted to interact with an anticipated operational environment to achieve
one or more intended purposes while complying with applicable constraints.

“Engineered systems” may be composed of any or all of the following elements: people, products, services, information,
processes, and/or natural elements.

Origins and Evolution of SE

Aspects of SE have been applied to technical endeavors throughout history. However, SE has only been formalized as
an engineering discipline beginning in the early to middle of the twentieth century (INCOSE Vision 2035, 2022). The
term “systems engineering” dates to Bell Telephone Laboratories in the early 1940s (Fagen, 1978; Hall, 1962; Schlager,
1956). Fagen (1978) traces the concepts of SE within the Bell System back to early 1900s and describes major appli-
cations of SE during World War II. The British used multidisciplinary teams to analyze their air defense system in the
1930s (Martin, 1996). The RAND Corporation was founded in 1946 by the United States Air Force and claims to have
created “systems analysis.” Hall (1962) asserts that the first attempt to teach SE as we know it today came in 1950 at
MIT by Mr. Gilman, Director of Systems Engineering at Bell. TRW (now a part of Northrop Grumman) claims to have
“invented” SE in the late 1950s to support work with ballistic missiles. Goode and Machol (1957) authored the first
book on SE in 1957. In 1990, a professional society for SE, the National Council on Systems Engineering (NCOSE),
was founded by representatives from several US corporations and organizations. As a result of growing involvement
from SE practitioners outside of the US, the name of the organization was changed to the International Council on
Systems Engineering (INCOSE) in 1995 (incose.org, History of Systems Engineering; Buede and Miller, 2016).

With the introduction of the international standard ISO/IEC 15288 in 2002, the discipline of SE was formally rec-
ognized as a preferred mechanism to establish agreement for the creation of products and services to be traded bet-
ween two or more organizations—the supplier(s) and the acquirer(s). This handbook builds upon the concepts in the
latest edition of ISO/IEC/IEEE 15288 (2023) by providing additional context, definitions, and practical applications.
Table 1.1 provides a list of key SE standards and guides related to the content of this handbook.

TABLE 1.1 SE standards and guides

Reference Title

ISO/IEC/IEEE 15026 Systems and software engineering—Systems and software assurance (Multi-part
standard)

ISO/IEC/IEEE 15288 Systems and software engineering—System life cycle processes

IEEE/ISO/IEC 15289 Systems and software engineering—Content of life cycle information items
(documentation)

ISO/IEC/IEEE 15939 Systems and software engineering—Measurement process

ISO/IEC/IEEE 16085 Systems and software engineering—Life cycle processes—Risk management

ISO/IEC/IEEE 16326 Systems and software engineering—Life cycle processes—Project management

ISO/IEC/IEEE 21839 Systems and software engineering—System of systems (SoS) considerations in
life cycle stages of a system

ISO/IEC/IEEE 21840 Systems and software engineering—Guidelines for the utilization of ISO/IEC/
IEEE 15288 in the context of system of systems (SoS)

ISO/IEC/IEEE 21841 Systems and software engineering—Taxonomy of systems of systems

ISO/IEC/IEEE 24641 Systems and software engineering—Methods and tools for model-based systems

and software engineering

(Continued)
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TABLE 1.1 (Continued)

Reference

Title

ISO/IEC/IEEE 24748-1
ISO/IEC/IEEE 24748-2
ISO/IEC/IEEE 247484
ISO/IEC/IEEE 24748-6
ISO/IEC/IEEE 24748-7
ISO/IEC/IEEE 24748-8 / IEEE 15288.2

ISO/IEC/IEEE 24765
ISO/IEC/IEEE 26550

ISO/IEC/IEEE 26580

ISO/IEC/IEEE 29148
ISO/IEC/IEEE 42010
ISO/IEC/IEEE 42020
ISO/IEC/IEEE 42030
ISO/IEC 29110

ISO/IEC 31000
ISO/IEC 31010
ISO/IEC 33060
ISO/PAS 19450
ISO 10007

ISO 10303-233

NIST SP 800-160 Vol. 1

NIST SP 800-160 Vol. 2
OMG SysML™

SEBoK

SAE-EIA 649C

SAE 1001

ANSI/AIA.A G.043B
CMMI

Systems and software engineering—Life cycle management—Part 1: Guidelines
for life cycle management

Systems and software engineering—Life cycle management—Part 2: Guidelines
for the application of ISO/IEC/IEEE 15288

Systems and software engineering—Life cycle management—Part 4: Systems
engineering planning

Systems and software engineering—Life cycle management—Part 6: System
integration engineering

Systems and software engineering—Life cycle management—Part 7: Application
of systems engineering on defense programs

Systems and software engineering—Life cycle management—~Part 8: Technical
reviews and audits on defense programs

Systems and software engineering— Vocabulary

Software and systems engineering—Reference model for product line
engineering and management

Software and systems engineering—Methods and tools for the feature-based
approach to software and systems product line engineering

Systems and software engineering—Life cycle processes—Requirements engineering

Systems and software engineering—Architecture description

Software, systems and enterprise—Architecture processes

Software, systems and enterprise—Architecture evaluation framework

Systems and Software Engineering Standards and Guides for Very Small Entities
(VSEs) (Multi-part set)

Risk management

Risk management—Risk assessment techniques

Process assessment—Process assessment model for system life cycle processes

Automation systems and integration—Object-Process Methodology (OPM)

Quality management—QGuidelines for configuration management

Industrial automation systems and integration—Product data representation and
exchange—Part 233: Application protocol: Systems engineering

Systems Security Engineering: Considerations for a Multidisciplinary Approach
in the Engineering of Trustworthy Secure Systems

Developing Cyber-Resilient Systems: A Systems Security Engineering Approach

OMG Systems Modeling Language

Guide to the Systems Engineering Body of Knowledge (SEBoK)

Configuration Management Standard

Integrated Project Processes for Engineering a System (Note: Replaced ANSI/EIA 632)

Guide to the Preparation of Operational Concept Documents

CMMI® V2.0

INCOSE SEH original table created by Mornas, Roedler, and Walden. Usage per the INCOSE Notices page. All other rights reserved.

1.2 WHY IS SYSTEMS ENGINEERING IMPORTANT?

The purpose of SE is to conceive, develop, produce, utilize, support, and retire the right product or service within
budget and schedule constraints. Delivering the right product or service requires a common understanding of the
current system state and a common vision of the system’s future states, as well as a methodology to transform a set of
stakeholder needs, expectations, and constraints into a solution. The right product or service is one that accomplishes
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the required service or mission. A common vision and understanding, shared by acquirers and suppliers, is achieved
through application of proven methods that are based on standard approaches across people, processes, and tools. The
application of these methods is continuous throughout the system’s life cycle.

SE is particularly important in the presence of complexity (see Section 1.3.7). Most current systems are formed by
integrating commercially available products or by integrating independently managed and operated systems to provide
emergent capabilities which increase the level of complexity (see Sections 4.3.3 and 4.3.6). This increased reliance on
off-the-shelf and systems of systems has significantly reduced the time from concept definition to market availability
of products. Over the years between 1880 and 2000, average 25% market penetration has been reduced by more than
a factor of four as illustrated in Figure 1.1.

In response to complexity and compressed timelines, SE methods and tools have become more adaptable and effi-
cient. Introduction of agile methods (see Section 4.2.2) and SE modeling language standards such the Systems
Modeling Language (SysML) have allowed SE practitioners to manage complexity and increase the implementation
of a common system vision (see bottom of Figure 1.1). Model Based SE (MBSE) methods adoption continues to grow
(see Section 4.2.1), particularly in the early conceptual design and requirements analysis (SEBOK, Emerging Topics).
MBSE research literature continues to report on the increased productivity and quality of design and promises further
progression toward a digital engineering (DE) approach, where data is transparent and cooperation optimized across
all engineering disciplines. Standards organizations are updating or developing new approaches that take DE into
consideration. SE will have to address this new digital representation of the system as DE becomes the way of doing
business (see Section 5.4). The rapid evolution and introduction of Artificial Intelligence (AI) and Machine Learning
(ML) into SE further increases complexity of verifiability, safety, and trust of self-learning and evolving systems.

The overall value of SE has been the subject of studies and papers from many organizations since the introduction
of SE. A 2013 study was completed at the University of South Australia to quantify the return on investment (ROI) of
SE activities on overall project cost and schedule (Honour, 2013). Figure 1.2 compares the total SE effort with cost
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FIGURE 1.1 Acceleration of design to market life cycle has prompted development of more automated design methods and
tools. INCOSE SEH original figure created by Amenabar. Usage per the INCOSE Notices page. All other rights reserved.
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FIGURE 1.2 Cost and schedule overruns correlated with SE effort. From Honour (2013) with permission from University of
South Wales. All other rights reserved.

compliance (left figure) and schedule performance (right figure). In both graphs, increasing the percentage of SE
within the project results in better success up to an optimum level, above which SE ROI is diminished above those total
program expenditure levels due to increased unwarranted processes. Study data shows that SE effort had a significant,
quantifiable effect on project success, with correlation factors as high as 80%. Results show that the optimum level of
SE effort for a normalized range of 10% to 14% of the total project cost.

The ROI of adding additional SE activities to a project is shown in Table 1.2, and it varies depending on the level
of SE activities already in place. If the project is using no SE activities, then adding SE carries a 7:1 ROI; for each cost
unit of additional SE, the project total cost will reduce by 7 cost units. At the median level of the projects interviewed,
additional SE effort carries a 3.5:1 ROIL.

A joint 2012 study by the National Defense Industrial Association (NDIA), the Institute of Electrical and Electronic
Engineers (IEEE), and the Software Engineering Institute (SEI) of Carnegie Mellon University (CMU) surveyed 148
development projects and found clear and significant relationships between the application of SE activities and the
performance of those projects as seen in Figure 1.3 (Elm and Goldenson, 2012). The study broke the projects by the
maturity of their SE processes as measured by the quantity and quality of specific SE work products and considered
the complexity of each project and the maturity of the technologies being implemented (n=number of projects). It also
assessed the levels of project performance, as measured by satisfaction of budget, schedule, and technical require-
ments. The left column represents those projects deploying lower levels of SE expertise and capability. Among these
projects, only 15% delivered higher levels of project performance and 52% delivered lower levels of project
performance. The center column represents those projects deploying moderate levels of SE expertise and capability.
Among these projects, the number delivering higher levels of project performance increased to 24% and those deliv-
ering lower levels decreased to 29%. The right column represents those projects deploying higher levels of SE exper-
tise and capability. For these projects, the number delivering higher levels of project performance increased substantially

TABLE 1.2 SE return on investment

ROI for additional SE effort (cost

Current SE effort (% of program cost) Average cost overrun (%) reduction $ per $ SE added)
0 53 7.0
5 24 4.6
7.2 (median of all programs) 15 3.5
10 7 2.1
15 3 -0.3
20 10 -2.8

From Honour (2013) with permission from University of South Wales. All other rights reserved.
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to 57%, while those delivering lower levels decreased
to 20%. As Figure 1.3 shows, well-applied SE increases
the probability of successfully developing an
engineered system.

A 1993 Defense Acquisition University (DAU)
statistical analysis on US Department of Defense
(DoD) projects examined spent and committed life
cycle cost (LCC) over time (DAU, 1993). As illustrated
notionally in Figure 1.4, an important result from this
study is that by the time approximately 20% of the
actual costs have been accrued, over 80% of the total
LCC has already typically been committed. Figure 1.4
also shows that it is less costly to fix or address issues
if they are identified early. Good SE practice is the
means by which the issues are identified and ensures
that the understanding obtained is applied as appro-
priate during the life cycle, thus reducing technical
debt.

INCOSE maintains value proposition statements

(INCOSE Value Strategic Initiative Report, 2021) as tailored to different areas and industries. Areas covered include
individual INCOSE membership, organizational INCOSE membership, INCOSE SE certification, and the discipline
of SE. Industries include commercial, government, and nonprofit organizations. A sample of these findings includes:
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FIGURE 1.4 Life cycle costs and defect costs against time. INCOSE SEH original figure created by Walden derived from DAU
(1993). Usage per the INCOSE Notices page. All other rights reserved.
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* Value of SE to the Commercial/Market-Driven Industry: Companies and other enterprises in commercial industry
will benefit from the internal practice of professional SE by having enhanced their capability for the development
of innovative products and services for distribution in both mature and immature markets, in a more efficient and
competitive manner.

* Value of SE to Government/Infrastructure/Aerospace/Defense Industry: SE provides a tailorable, systematic
approach to all stages of a project, from concept to retirement. SE can accommodate different approaches including
agile and sequential and facilitate commonality and open architectures to ensure lower acquisition, maintenance,
and upgrade costs. By confirming correct and complete requirements and requirements allocations, the resulting
design has fewer and less significant changes resulting in improved overall cost and schedule performance.

* Value of SE to Nonprofit/Research Industry: A nonprofit enterprise will benefit from the internal practice of
professional SE by having enhanced their capability for the development of innovative client services in a more
efficient and effective manner. An enterprise engaged in basic or applied research will benefit from the internal
practice of SE by having enhanced its capabilities for discovery and invention that supports technology development
in a more effective manner.

1.3 SYSTEMS CONCEPTS

Important system concepts include the system of interest (Sol), the system environment, and external systems. The
boundaries between the system and the surrounding elements are important to understand. These boundaries separate
the Sol, enabling systems, interoperating systems, and interfacing systems, supporting the SE practitioner in properly
accounting for all the necessary elements which comprise the whole system context. Part of the system concept are the
system’s modes and states which are fundamental system behavior characteristics important to SE. Systems can be
hierarchical in their structural organization, or they can be complex where hierarchy is not always present. The system
concepts encompass all types of systems structures and support the SE practitioner with a framework in which to engi-
neer a system.

1.3.1 System Boundary and the System of Interest (Sol)

General System Concepts An external view of a system must introduce elements that specifically do not belong to
the system but do interact with the system. This collection of elements is called the system environment or context and
can include the users (or operators) of the system. It is important to understand that the system environment or context
is not limited to the operating environment, but also includes external systems that interface with or support the system
at any time of the life cycle.

The internal and external views of a system give rise to the concept of a system boundary. In practice, the system
boundary is a “line of demarcation” between the system under consideration, called the system of interest (Sol), and
its greater context. It defines what belongs to the system and what does not. The system boundary is not to be confused
with the subset of elements that interact with the environment.

The functionality of a system is typically expressed in terms of the interactions of the system with its operating
environment, especially the users. When a system is considered as an integrated combination of interacting elements,
the functionality of the system derives not just from the interactions of individual elements with the environmental
elements but also from how these interactions are influenced by the organization (interrelations) of the system ele-
ments. This leads to the concept of system architecture, which ISO/IEC/IEEE 42020 (2019) defines as:

Fundamental concepts or properties of an entity in its environment and governing principles for the realization and evolution
of this entity and its related life cycle processes.
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This definition speaks to both the internal and external views of the system and shares the concepts from the defini-
tions of a system (see Section 1.1).

Scientific Terminology Related to System Concepts In general, engineering can be regarded as the practice of cre-
ating and sustaining systems, services, devices, machines, structures, processes, and products to improve the quality
of life—getting things done effectively and efficiently. The repeatability of experiments demanded by science is criti-
cal for delivering practical engineering solutions that have commercial value. Engineering in general, and SE in
particular, draw heavily from the terminology and concepts of science.

An attribute of a system (or system element) is an observable characteristic or property of the system (or system
element). For example, among the various attributes of an aircraft is its air speed. Attributes are represented symboli-
cally by variables. Specifically, a variable is a symbol or name that identifies an attribute. Every variable has a domain,
which could be but is not necessarily measurable. A measurement is the outcome of a process in which the Sol inter-
acts with an observation system under specified conditions. The outcome of a measurement is the assignment of a
value to a variable. A system is in a state when the values assigned to its attributes remain constant or steady for a
meaningful period of time (Kaposi and Myers, 2001). In SE and software engineering, the system elements (e.g., soft-
ware objects) have processes (e.g., operations) in addition to attributes. These have the binary logical values of being
either idle or executing. A complete description of a system state therefore requires values to be assigned to both attrib-
utes and processes. Dynamic behavior of a system is the time evolution of the system state. Emergent behavior is a
behavior of the system that cannot be understood exclusively in terms of the behavior of the individual system ele-
ments. See Section 1.3.2 for further information on emergent behavior and Section 1.3.6 for more information on
states and modes.

The key concept used for problem solving is the black box/white box (also known as opaque box/transparent box)
system representation. The black box (opaque box) representation is based on an external view of the system (attrib-
utes). The white box (transparent box) representation is based on an internal view of the system (attributes and struc-
ture of the elements). Both representations are useful to the SE practitioner and there must be an understanding of the
relationship between the two. A system, then, is represented by the external attributes of the system, its internal attrib-
utes and structure, and the interrelationships between these that are governed by the laws of science.

1.3.2 Emergence

Emergence describes the phenomenon that whole entities exhibit properties which are meaningful only when attrib-
uted to the whole, not to its elements. Every model of human activity system exhibits properties as a whole entity that
derive from its element activities and their structure, but cannot be reduced to them (Checkland, 1999). Emergence is
a fundamental property of all systems (Sillitto and Dori, 2017). According to Rousseau et al. (2018), emergence
derives from the systems science concept of “properties the system has but the elements by themselves do not.”

System elements interact between themselves and can create desirable or undesirable phenomena called emergent
properties such as inhibition, interference, resonance, or reinforcement of any property. Emergent properties can also
result from the interaction between the system and its environment. Many engineering disciplines include emergence
as a property. For example, system safety (Leveson, 1995) and resilience (Rasoulkahni, 2018) are examples of emergent
properties of engineered systems (see Sections 3.1.11 and 3.1.9, respectively).

Definition of the architecture of the system includes an analysis of interactions between system elements in order
to reinforce desirable and prevent undesirable emergent properties. According to Rousseau et al. (2019), the systemic
virtue of emergent properties are used during systems architecture and design definition to highlight necessary derived
functions and internal physical or environmental constraints (see Sections 2.3.5.4 and 2.3.5.5, respectively).
Corresponding derived requirements should be added to system requirements baseline when they impact the Sol.

Calvo-Amodio and Rousseau (2019) explain how emergence applies to systems in which complexity is dominant.
Complexity dominance, they say, encourages us to consider the significance of the difference between kinds of





