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Abstract

This paper proposes a formal method and associated techniques for completing the ISO/IEC/IEEE
Standard 15288 technical process 6.4.2 — stakeholder needs and requirements definition within the
15288-SysML grid framework. The paper is a companion work to Engineering systems with standards
and digital models: Development of a 15288-SysML Grid, which describes an engineering design method
that supports the tenets of the Industry 4.0 paradigm. The formal method presented here is grounded
using established constructs from systems science; specifically, the systems principles of hierarchy,
emergence, requisite parsimony, minimum critical specification, and requisite saliency. The
application of accepted principles ensures that stakeholders are able to objectively specify measurable
criterion that can satisfy stakeholder needs and capabilities. The method uses: (1) international
standards for systems (e.g., ISO/IEC/IEEE 15288); (2) adopts the four fundamental aspects of system
design supported by model-based systems engineering (MBSE); (3) invokes the international
standard for the systems modeling language (SysML); and (4) adopts a hierarchical requirements tree
that specifies Mission, Goals, Objectives, and Sub-objectives (MGOS) to provide the stakeholder-
analysis process for the articulation of system-level engineering requirements. Utilization of the
MGOS is intended to have a positive impact on the system design process by ensuring
reproducibility, replicability, transparency, and generalization.

Keywords: systems engineering; model-based systems engineering; needs and capabilities;
requirements; standards; MGOS; mission; goals; objectives

1. Introduction

This paper proposes a formal method and associated techniques for completing the
ISO/IEC/IEEE Standard 15288 technical process 6.4.2 — stakeholder needs and requirements definition
through the utilization of the 15288-SysML grid. The paper is a companion work to Engineering
systems with standards and digital models: Development of a 15288-SysML Grid [1] which describes an
engineering design method that supports the tenets of the Industry 4.0 paradigm.

The formal method and associated techniques presented herein are grounded using established
constructs from systems science; specifically, the systems principles of hierarchy, emergence,
requisite parsimony, minimum critical specification, and requisite saliency [2—4]. The application of
accepted principles ensures that stakeholders are able to objectively specify measurable criterion that
can satisfy stakeholder needs and capabilities and serve as the starting point for the development of
system-level requirements.
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The method utilizes: (1) international standards for systems (e.g., ISO/IEC/IEEE 15288); (2)
adopts the four fundamental aspects of system design supported by model-based systems
engineering (MBSE) [5]; (3) invokes the international standard for the systems modeling language
(SysML) [6] and (4) adopts a hierarchical requirements tree that specifies Mission, Goals, Objectives,
and Sub-objectives (MGOS) to provide the stakeholder analysis process for the articulation of system-
level engineering requirements.

The use of the terms method and technique are purposeful, where the terms are defined as: (1)
method is “A systematic procedure, technique, or mode of inquiry employed by or proper to a
particular discipline or art” [7] (p. 781) and (2) technique is “ A body of technical methods (as in a craft
or in scientific research)” [7] (p. 1283).

Using these definitions, the method described includes several unique techniques. The
techniques that will be emphasized are: (1) the use of model-based systems engineering (MBSE), with
particular emphasis on the Systems Modeling Language, SysML [6]; and (2) the development of
stakeholder needs and capabilities using a systems-based framework that expresses the needs in an
MGOS hierarchy. The combination of these techniques takes advantage of SysML’s unique design
aspects and perspectives that enable system relationships to be graphically depicted and related
through their behavior, requirements, structure, and parametric relationships.

Specifically, the method has been constructed such that a practitioner can use the 15288-SysML
Grid framework to identify the process outcome(s) of interest, verify the design aspect, and then select
the SysML technique and appropriate diagram type (e.g., uc, pkg, req, par, etc.)! indicated in the grid.
Following this technique supports the MBSE approach to system life cycle development, while also
adhering to the technical processes outlined in the 15288 standard. Use of the grid, in conjunction
with a formal life cycle model and international standards, is intended to have a positive impact on
the system design process. Specifically, the improvement of the engineering design process through
reproducibility, replicability, transparency, and generalization.

Reproducibility. In this sense, the method and supporting techniques are addressing computational
reproducibility where the design process is “obtaining consistent computational results using the
same input data, computational steps, methods, and code, and conditions of analysis“[8](p. 1).
Replicability. “Obtaining consistent results across studies aimed at answering the same scientific
question, each of which has obtained its own data” [8](p. 1).

Transparency. “A transfer of information from an autonomous system or its designers to a
stakeholder that is truthful; contains information relevant to the causes of some action, decision, or
behavior; and is presented at a level of abstraction and in a form meaningful to the stakeholder.
Transparency should be mindful of the stakeholders’ likely perception and comprehension, and
should avoid disclosing information in a manner that, while technically true, is framed in a way that
leads to misapprehension” [9] (p. 15).

Generalizability. “Refers to the extent that results of a study apply in other contexts or populations
that differ from the original one” [8](p. 1).

This paper is organized into four major sections. After the introduction in the first section, the
second section provides background on where the method and associated techniques fit within the
larger life cycle model utilized for engineering systems. The third section describes the formal method
for stakeholder needs and requirements definition, presenting the method and the supporting
techniques utilized in producing reliable, accurate, and measurable stakeholder needs and
capabilities. The section includes examples that presents the development of stakeholder needs and
capabilities using a systems-based framework that expresses the needs in a MGOS hierarchy using
MBSE and the SysML language. The fourth and final section summarizes the method and supporting
techniques and their value added to the systems engineering literature.

! The nine SysML diagram types and their abbreviations are described in Table .
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2. Background

The design, or more exactly, the engineering of, modern complex systems is accomplished through
formal engineering design processes. The seven sub-sections that follow will provide an overview
and high-level description of how complex systems are engineered and will: (1) expose the reader to
a focused definition for engineering; (2) provide an overview of the basic high-level engineering design
process and the discipline of systems engineering; (3) introduce the use of international systems
engineering standards for implementation in the acquisition and management of systems; (4) present
a modern system life cycle model that encapsulates and constrains the system endeavors that flow from
concept to retirement and disposal in direct support of Industry 4.0; (5) describe a life cycle process
model that includes a hierarchy of processes, activities, and tasks that need to be performed to
successfully accomplish the ISO/IEC/IEEE 15288 technical processes defined in the life cycle model;
(6) review the technical process (6.4.2) for stakeholder needs and requirements definition process;
and concludes with (7) a high-level description of how the 15288-SysML Grid may be used to address
invoke the 15288 technical processes utilizing the specific methods and techniques in MBSE and
SysML.

2.1. Engineering Definition

Engineering is “the science by which the properties of matter and the sources of power in nature
are made useful to humans in structures, machines, and products” [10] (p. ix). Theodore von Karman
[1881-1963], the aeronautical engineering pioneer and co-founder of Cal Tech's Jet Propulsion
Laboratory, has been credited with the following statement:

The scientist seeks to understand what is. The engineer seeks to create what never was. [11] (p. 20).

Von Karman was able to simply state what many committees, boards, and regulators have tried
to do in defining engineering. The root for the word engineering is derived from the Latin ingenium,
which means innate or natural quality. Engineering has many definitions. One of the more
comprehensive and thoughtful has been assembled by the historians of engineering.

“The art of the practical application of scientific and empirical knowledge to the design and
production or accomplishment of various sorts of constructive projects, machines, and materials of
use or value to man” [12] (p. 2).

The application of empirical knowledge during the design of modern, interconnected, socio-
technical systems has become a complex en[1881-1963deavor resulting in a new class of system
labeled an engineering system, formally defined as:

“A class of systems characterized by a high degree of technical complexity, social intricacy, and
elaborate processes, aimed at fulfilling important functions in society” [13] (p. 31).

These characteristics of engineering systems require the use of formal methods. The next section
will address the engineering design process and the sub-discipline of systems engineering.

2.2. Engineering Design and Systems Engineering

Penny [14] discusses the principles of engineering design, using Dixon's [15] perspective, and as
a starting point for a discussion about the process of engineering design. The process that we label
engineering design has evolved throughout time, as human beings have constructed larger systems of
increasing complexity. The simple schematic in Figure may be used to capture the essential process
of engineering design.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Schematic of engineering design process [adapted from Figure 1.3 in [15], p. (12)].

The elements in Figure are described in terms of one another and the processes used to
approach their solution in Table .

Table 1. Description of elements in the engineering design process.

Element Solve for Process
Input, laws of nature, system or component Output Analysis (i.e., deduction)
Output, laws of nature, system or component Input Inverse analysis (i.e., reverse engineering)
Input, output, system or component Laws of nature Science (i.e., induction)
Input, output, laws of nature System or componentEngineering design

In order to successfully accomplish the processes in Table , engineering disciplines (e.g.,
mechanical, electrical, software, etc.) must adopt and apply methods and techniques to successfully
accomplish any of the myriad of activities associated with the design of engineering systems and
their sub-systems and components. The sub-discipline within the broader engineering community
that addresses the special class of system, engineering systems, is systems engineering. Systems
engineering’s definition is:

Systems engineering: “Interdisciplinary approach governing the total technical and managerial effort

required to transform a set of stakeholder needs, expectations, and constraints into a solution, and to
support that solution throughout its life” [16] (p, 457).

To achieve uniform methods and techniques for systems engineering, the international systems
engineering community has created and adopted a number of standards to “derive rules for the
development of these systems from the system elements and their relationships” [17] (p. 9). The next
section will discuss the international standards for systems engineering.

2.3. International Standards for Systems Engineering

Formal systems engineering practices have been developed to define a set of processes that can
be used to help establish a technical template and standardized guidance for the life cycle endeavors
associated with systems. These practices are contained in a series of international standards. The
standards are developed, issued, and maintained by a tripartite of standards organizations: (1) the
International Organization for Standardization - ISO; (2) the International Electrotechnical
Commission - IEC; and (3) the Institute of Electrical and Electronics Engineers - IEEE. Table 1 is a
partial listing of the international standards relevant to engineering systems.

Table 1. Partial listing of relevant international standards for the life cycle of systems.

Standard Number  Year Description and reference
ISO/IEC/IEEE 15026-1 2019 Part 1: Concepts and vocabulary [18]
ISO/TEC/IEEE 15026-4 2021 Part 4: Assurance in the life cycle [19]
ISO/IEC/IEEE 15288 2023 System life cycle processes [20]

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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ISO/IEC/IEEE 15289 2019 Content of life cycle information product (documentation) [21]
ISO/IEC/IEEE 15939 2017 Measurement process [22]
ISO/IEC/IEEE 16085 2021 Life cycle processes — Risk management [23]
ISO/IEC/IEEE 16326 2019  Life cycle processes — Project management [24]
ISO/IEC/IEEE 24641 2023 Methods and tools for model-based systems and software engineering [25]

ISO/IEC/IEEE 24748-1 2018 Part 1: Guidelines for life cycle management [26]

ISO/IEC/IEEE 24748-2 2018 Part 2: Guide to the application of ISO/IEC 15288 [27]

ISO/IEC/IEEE 24748-4 2016 Part 4: Systems engineering planning [28]

ISO/IEC/IEEE 24748-6 2023 Part 6: Life cycle management [29]

ISO/IEC/IEEE 24748-7000 2022 Part 7: Process for addressing ethical concerns during system design [30]

ISO/IEC/IEEE 24765 2017 Vocabulary [31]

ISO/IEC/IEEE 24774 2021 Life cycle management — Guidelines for process description [32]
ISO/IEC/IEEE 29148 2018 Life cycle processes — Requirements engineering [33]
ISO/IEC/IEEE 42010 2022  Architecture description [34]

ISO/TEC/IEEE 42020 2019 Architecture processes [35]

ISO/TEC/IEEE 42030 2019 Architecture evaluation framework [36]

In this context, a standard is defined as “A document that provides, for common and repeated
use, rules, guidelines or characteristics for activities or their results, aimed at the achievement of the
optimum degree of order in a given context” [37] (p. 562). The standards in Table 1, while not
prescriptive, provide high-level guidance to organizations and practitioners in order to provide
improved communication and understanding among stakeholders involved with any element of a
system endeavor, from a system’s concept development, its operation and maintenace, and on to
retirement and disposal. Thus, it is important to study, understand, and use standards because they
provide a common framework to “design flexible, adaptable, robust systems that can be easily
modified and reconfigured to satisfy changing requirements and new technological opportunities”
[13] (p. 31).

The next section will discuss how a system life cycle model is utilized as the framework for a
system that start with stakeholder concepts and complete with retirement and disposal of the system.

2.4. System Life Cycle Model

A system’s life cycle begins with the establishment of a unique need identified by a group of
stakeholders. In this context, stakeholders are defined as:

Stakeholder: “1. individual or organization having a right, share, claim, or interest in a system or in
its possession of characteristics that meet their needs and expectations; 2. an individual, group, or
organization who may affect, be affected by, or perceive itself to be affected by a decision, activity, or
outcome of a project; 3. individual, team, organization, or classes thereof, having an interest in a
system; 4. individual, group or organization that can affect, be affected by, or perceive itself to be
affected by, a risk. EXAMPLE: end users, end user organizations, supporters, developers, producers,
trainers, maintainers, disposers, acquirers, supplier organizations and regulatory bodies, interested
parties, decision-makers Note 1 to entry: Some stakeholders can have interests that oppose each other
or oppose the system” [16] (p. 435).

Once there is an identified need for a system, as defined by stakeholder(s), a life cycle model is
selected and used to guide the overall life cycle of the proposed system. A system life cycle model is
defined as the “framework of processes and activities concerned with the life cycle that may be
organized into stages, which also acts as a common reference for communication and understanding”
[16] (p. 251). Life cycle models typically include a number of unique stages, which are defined as a
“period within the life cycle of an entity that relates to the state of its description or realization” [16]
(p- 435). The type of life cycle model may vary depending upon the domain for the system-of-interest
(Sol), but every life cycle model is a depiction of the flow of stages from needs identification (i.e.,
conception) through the system’s ultimate retirement and disposal. Life cycle models are
differentiated by the number and types of stages and how their flows are represented in the

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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movement from stage-to-stage. Typical life cycle models include waterfall models, spiral models, Vee
models, iterative models, etc. [38].

The Boeing Corporation developed an advanced life cycle model, termed the Boeing Diamond©
[39], to take advantage of the tenets in the modern digital enterprise and Industry 4.0. Figure is a
depiction of the Articulated diamond life cycle model [1] which presents the life cycle relationships
described in the traditional Vee life cycle process model with and the concepts introduced in the
digital enterprise.

Production
model

Qualification
model

Component Certification

Operations

System

SU,,,,DX
models

Operation &
Maintenance

Digital
thread

Retirement &
disposal

Mission or business
needs analysis

Identified Need

Support & Production
services system

Requirements
validation

Stakeholder
requirements

System
integration &
verification

System
requirements

Sub-system
integration &
verification

Sub-system
design

Component
verification

Component
design

Production or
construction

Figure 2. Articulated diamond life cycle [1].

The primary function of a life cycle model is to serve as the overarching structure or framework
that will be used to describe the movement of a system, stage-by-stage, from the stakeholder
identified needs (i.e., during conception) on to follow-on stages of the life cycle. Each stage in the life
cycle model contains formal processes, frequently described in the standards, which specify the
inputs, outputs, and outcomes necessary for successful accomplishment of the stage.

The next section will discuss how a system life cycle model for systems is created by adding the
processes from the standards in Table 1 to a life cycle model.

2.5. Life Cycle Process Model

The addition of formal processes to a life cycle model enables the transition to a life cycle process
model. The life cycle process model describes the specific processes that must be performed to
successfully accomplish the stages defined in the life cycle of the system.

The stages within life cycle model are accomplished through the planning and execution of
dedicated processes. The international community has specified the processes for the stages of the
systems life cycle in the international standards presented earlier in Table 1. Each of the international
standards include the processes and an associated hierarchy of activities and tasks that provide the
inputs, outputs and outcomes required to successfully accomplish the life cycle processes [40]. The
elements of the hierarchy specified in ISO/IEC/IEEE Standard 15288, Systems and software
engineering — System life cycle processes [20] are defined as follows:

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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e  Process: “Set of interrelated or interacting activities that transforms inputs into outputs” [16] (p.
337).

e Activity: “set of cohesive tasks of a process” [16] (p. 9).

e Task: “Required, recommended, or permissible action, intended to contribute to the
achievement of one or more outcomes of a process” [16] (p. 460).

ISO/IEC/IEEE Standard 15288 [41] outlines the life cycle processes and the associated activities,
and tasks required to successfully complete each of the life cycle stages. Figure depicts the primary
15288 technical processes and some of the supporting international standards.
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Figure 3. Interrelationships between ISO/IEC/IEEE standards and 15288 technical processes [1] (p. 11).

Each of the 15288 technical processes presented in the block in Figure and annotated in red in),
are added to the Articulated diamond life cycle model, that the authors have previously introduced [1].
Figure includes the technical processes as part of the system life cycle model. where the annotations
in red refer to the unique technical processes.
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Figure 4. Articulated diamond life cycle process model [1] (p. 13).

Once the Life Cycle Process Model has been selected, and the 15288 technical processes are
defined, additional organization- or discipline-specific methods and techniques are invoked to
execute the processes, activities and tasks specified in the 15288 technical processes.

The challenge is to ensure that there is enough detail for an organization’s personnel to
understand and successfully execute the goals of the systems endeavor. Figure is a depiction of how
to approach the construction of a tailored system life cycle process model.
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1SO/IEC/IEEE Framework Unique Process
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24_748'2 Guidance on 15288 Activities and S.el.e.cted
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! | | | —
| Collection of oL
| SystemsLCMs | !
| -
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Figure 5. Building a Tailored Systems Life Cycle Process Model (SLCPM).

The next section will address the how the technical processes of 15288 are utilized in the early
stage of the development process for an engineering system.

2.6. Stakeholder Identification of Needs and Capabilitities

Once there is an identified need for a system, the conceptual design stage of the system’s life
cycle commences. The first design element, business or mission analysis (technical process 6.4.1),
defines “the overall strategic problem or opportunity, characterize the solution space, and determine
potential solution class(es) that can address a problem or take advantage of an opportunity” [41] (p.
59). Once the business need is clarified (i.e., the second design element in Figure ), stakeholder needs
and requirements definition commences.

The purpose of the stakeholder needs and requirements definition process (technical process
6.4.2) is:

“to define the stakeholder requirements for a system that can provide the capabilities

needed by users and other stakeholders in a defined environment. It identifies stakeholders,

or stakeholder classes, involved with the system throughout its life cycle, and their needs.

It analyzes and transforms these needs into a common set of stakeholder requirements that

express the intended interaction the system will have with its operational environment and

that are the reference against which each resulting operational capability is validated. The

stakeholder requirements are defined considering the context of the Sol, which includes the

interoperating systems and enabling systems. This also includes consideration of laws and

regulations, environmental restrictions, and and ehtical values” [41] (p. 62).

It is important to note that Section 6.4.2 of 15288 is supplemented by ISO/IEC/IEEE Std 29148 —
Requirements engineering [42], which includes additional processes, activities, and tasks which
support the development and specification of stakeholder needs and requirements. Figure is a
depiction of the requirements engineering process. Note that the focus of the discussion in
ISO/IEC/IEEE-29148 is limited to elicitation and derivation of stakeholder needs and capabilities within
the problem domain, by which we mean “area of knowledge or activity characterized by a set of
concepts and terminology understood by practitioners in that area” [16] (p. 145).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Stakeholder needs and capabilities and system-level engineering requirements process.

The next section will show how the stakeholder needs and requirements definition process
(technical process 6.4.2) can be executed through the application of model based systems engineering
(MBSE) and the International Standard for the Systems Modeling Language (SysML) [6].

2.7. Technical Process 6.4.2 Execution using MBSE and SysML

This sub-section will include both a brief introduction to the 15288-SysML grid and a high-level
description of the nine diagram types used in SysML.

2.7.1. The 15288-SysML Grid

The 15288-SysML grid described in [1] depicts 15288 technical process(es) on the vertical axis and
the four fundamental aspects of system design, as invoked in SysML (i.e., behavior, requirements,
structure, and parametric relationships) on the horizontal axis. The combination of the two axes result
in a Zachman [43,44] type grid where the resultant inner cells reveal the relevant SysML techniques
and diagram types that may be utilized to support the realization of the process outcome.

The intersection point on the grid is where the specific methods and techniques utilized in MBSE
and SysML are specified. Table is an example of how the 15288-SysML Grid may be used to address
two of the stakeholder needs and requirements definition process (15288 process 6.4.2) tasks.

Table 3. 15288 grid example that addresses two 6.4.2 technical process tasks.

Technical Process 6.4.2 Stakeholder Needs Four design aspects

and Requirements Definition Behavior Requirements Structure Parametric
Task a.1: Identify the stakeholders who have an{Stakeholders for Structure of
interest in the solution throughout its life cycle. jthe system. uc. system. pkg.

Task e.2: Define critical performance measures
land quality characteristics that enable the
lassessment of technical achievement.

Stakeholder mission,
goals, objectives, and
sub-objectives. req

Critical operational
issues (COI) are
linked to goals. par.

While Table does not include all of the 15288 process 6.4.2 activities and tasks, it serves to

illustrate how 15288 and the methods and techniques contained within SysML design aspects and
nine associated SysML diagram types are utilized to satisfy the process. Appendix A provides an
explication of how the 15288-SysML grid addresses each of the six (6) activities and twenty-three (23)
tasks in technical process 6.4.2.
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2.7.2. SysML Diagram Types and Utilization

In this section, each of the SysML diagram types will be explained, at a high-level, to permit the
reader to understand how SysML provides the diagrams required to effectively model all facets of a
system, its internal interactions with sub-systems, and its external interactions with the environment.
The diagram explanation will be using visual aids from the International Standard for the Systems
Modeling Language (SysML) [6] which is the internationally accepted standard for the OMG SysML.

The four fundamental aspects of system design and the SysML diagram types are:

1. Structure. Block definition diagrams (#2), internal block diagrams (#3), and package diagrams
(#4) represent the system structure.

2. Behavior. Use case diagrams (#9), activity diagrams (#1), sequence diagrams (#7), and state
machine diagrams (#8).

3. Requirements. Requirements diagrams (#6) provide a bridge between the typical requirements
management tools and the system models.

4. Parametrics. Parametric diagrams (#5) represent constraints on system property values as a
mean to integrate the specification and design models with engineering analysis models.

The nine SysML diagrams types that invoke the four fundamental aspects of system design are
presented in Table .

Table 4. Nine SysML diagram types and typical utilization.

Diagram Type Typical Utilization

1. Activity (act) “Emphasizes the inputs, outputs, sequences, and conditions for
coordinating other behaviors. It provides a flexible link to blocks owning
those behaviors” [6]. In SysML activities can (1) enable actions to start; (2)
may disable actions; and (3) may restrict the rate at which entities flow.

2. Block definition (bdd)“Define features of blocks and relationships between blocks such as
associations, generalizations, and dependencies. It captures the definition of
blocks in terms of properties and operations, and relationships such as a
system hierarchy or a system classification tree” [5]

3. Internal block (ibd) “Captures the internal structure of a block in terms of properties and
connectors between properties. A block can include properties to specify its
values, parts, and references to other blocks. Ports are a special class of
property used to specify allowable types of interactions between blocks”
[5].

4. Package (pkg) “Represents the organization of a model in terms of packages that contain
model elements” [43].

5. Parametric (par) “Describes the constraints among the properties associated with blocks.
This diagram is used to integrate behavior and structure models with
engineering analysis models such as performance, reliability, and mass
property models” [5].

6. Requirement (req)  “Specifies a capability or condition that must (or should) be satisfied. A
requirement may specify a function that a system must perform or a
performance condition a system must achieve. SysML provides modeling

constructs to represent text-based requirements and relate them to other
modeling elements. The requirements diagram described in this clause can
depict the requirements in graphical, tabular, or tree structure format. A
requirement can also appear on other diagrams to show its relationship to
other modeling elements. The requirements modeling constructs are
intended to provide a bridge between traditional requirements
management tools and the other SysML models” [6].

7. Sequence (sd) “The Sequence diagram describes the flow of control between actors and
systems (blocks) or between parts of a system. This diagram represents the
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sending and receiving of messages between the interacting entities called
lifelines, where time is represented along the vertical axis. The sequence
diagrams can represent highly complex interactions with special constructs
to represent various types of control logic, reference interactions on other
sequence diagrams, and decomposition of lifelines into their constituent
parts” [6].

8. State machine (stm) “Models discrete behavior through finite state transition systems. The state
machine represents behavior as the state history of an object in terms of its
transitions and states” [5].

9. Use-case (uc) “The use case diagram describes the usage of a system (subject) by its actors
(environment) to achieve a goal, that is realized by the subject providing a
set of services to selected actors” [5].

A few of the nine SysML diagram types will appear in the next major section, where the details
of the formal, SysML-based method and associated techniques for the definition of stakeholder needs
and requirements in an engineering system are explained.

3. Formal Method for Stakeholder Needs and Requirements Definition

The conceptual design stage of the system life cycle is the time period during which the
stakeholders’ needs are identified and system concepts and capabilities are explicitly described and
analyzed.

The specification of stakeholder needs and capabilities establishes the foundation for all follow-on
processes in the system’s life cycle. The stakeholder’s needs and capabilities for a system should be
clearly expressed in terms that communicate the desired condition and outputs that the system must
produce in order to satisfy the stakeholders. These ARE NOT requirements, but capabilities that the
proposed systems will possess in the fulfillment of the identified needs. Needs and capabilities are
expressed in the language of the stakeholder, and ARE NOT necessarily written in the language or
syntax of typical engineering requirements.

The stakeholders define the needs of the system and the desired capabilities. It is important to
note that these specify what capabilities the system should provide in meeting the stakeholders’
needs within the unique problem domain. As such, the needs and capabilities are written using the
non-technical language of the stakeholders and should avoid any allusion to how the system would,
could, or should provide the capabilities in fulfilling the desired needs. Section 6.4.2 of ISO/IEC/IEEE
15288 [41] describes the process for capturing the needs and capabilities that the system must
perform.

“Defining requirements begins with stakeholder needs (or goals, or objectives) that are refined
and evolve before arriving as valid stakeholder requirements. Initial stakeholder concerns do not
serve as stakeholder requirements, since they often lack definition, analysis and possibly consistency
and feasibility” [42] (p. 10).

The output of this process is the stakeholder requirements specification (StRS), which is
expressed using the language and terminology most familiar to the stakeholders. The StRS is formally
defined as a “structured collection of the requirements [characteristics, context, concepts, constraints
and priorities] of the stakeholder and the relationship to the external environment” [42] (p. 6). It is
unfortunate that the international standards refer to the stakeholder requirements specification (StRS)
using the term requirements. Stakeholders have needs and capabilities and a “a requirement is an
expression of one or more particular needs in a very specific, precise and unambiguous manner” [42]
(p- 5).

Six 15288 technical activities must be completed to successfully define stakeholder needs and
capabilities process in 15288 (6.4.2): (1) prepare for stakeholder needs and requirements definition;
(2) develop the operational concept and other life cycle concepts; (3) define stakeholder needs; (4)
transform stakeholder needs into stakeholder requirements; (5) analyze stakeholder needs and
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requirements; and (6) manage stakeholder needs and requirements. The sections that follow will
describe how these activities are accomplished through techniques contained invoked by MBSE
through SysML.

3.1. Prepare for Stakeholder Needs and Requirements Definition

This activity must identify the stakeholders who have an interest in the system, from conception
through retirement and disposal, define a plan where all stakeholders are included in the definition
of capabilities and needs, and identify and gain access to enabling systems required to support the
envisioned system.

Typically, organizations utilize a Concept of Operations (ConOps) document that states the
high-level needs the system will provide, its relationship to other systems and interfaces, and the
concept for how it will be used during operation. This type of document has existed in many forms
during systems and software development endeavors and can be traced to documents such as the
United States Department of Defense’s Operations Concept Description (OCD) contained in DI-IPSC-
81438 [45] and the United States Department of Energy’s Mission Needs Statement (MNS) [46].

In all cases, the ConOps document serves to bound the operating space of the proposed system,
how it relates to existing or proposed systems, the environment within which it will operate, and the
activities (e.g., maintenance, technical refresh, etc.) required to continue the system’s operation
throughout its proposed life cycle. This ConOps provides the system’s stakeholders with information
that permits them to construct a series of supporting goals and objectives to ensure compliance with
the functional and non-functional needs and capabilities in the ConOps. For example, system
availability is a non-functional need that mandates specific capabilities within the system to ensure
that the technical measure may be met. Failure to address this during the conceptual design for the
system may lead to unrealistic estimates in both time and cost.

The technique within SysML used to capture this information is to construct a use-case diagram
(uc), which typically covers many scenarios and may be used in conjunction with a block definition
diagram (bdd) where the system and its external boundaries are represented. It is important to
emphasize that no paper products are produced in this activity, as all of the data and information are
contained within the SysML model diagrams.

3.2. Develop the Operational Concept and Other Life Cycle Concepts

This activity must define the context of use, within the ConOps, for the system. The context of
use is typically achieved through the use of scenarios, where the operational environment and
intended users are characterized, and interfaces to and from external systems are identified.

SysML includes a use-case diagram that can be used to depict stakeholders (e.g. actors),
scenarios, and their relationships. A use-case is formally defined as “a sequence of tasks that a system
can perform, interacting with users of the system and providing a measurable result of value for the
user” [16] (p. 494). Development of a use case diagram “is conducted with the Operational
Stakeholders when working with the stakeholders, to determine their overall Uses, Goals and
relationships with Users/Actor (and Organization) and External Systems (system functions)” [47] (p.
15)

The use-case diagram (uc) captures the envisioned operations and users for the system, as well
as its interfaces to and from external systems. The uc may be used in conjunction with a bdd to
represent the system scenarios and its relationship to external boundaries.

Once again, it is important to remember that no paper products are produced in this activity, as
all of the data and information are contained within the SysML model diagrams. An example of a
SysML uc diagram is shown below in Figure , where several stakeholders for a hybrid sports utility
vehicle (SUV) are defined, along with the high-level functions that each of the stakeholders perform
with respect to the SUV system. The stakeholders in this example are depicted in the uc as actors,
which are represented in SysML with schematic human figures. The stakeholders and their functions
with respect to the hybrid SUV example are as follows:
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e  Driver: Operate the vehicle

¢  Registered Owner: Insure the vehicle and register the vehicle
e  Maintainer: Maintain the vehicle

e Insurance Company: Insure the vehicle

e Department of Motor Vehicles: Register the vehicle

uc HSUVUseCases ['I'opLeveIUseCasesJ)

HybridSUV

Operate the
vehicle
Driver
Insure the
- —— vehicle
RegismN
Owner

i

InsuranceCompany

Register the
vehicle
Department
Maintain the
vehicle

Of Motor
Maintainer

Vehicles

xr

Figure 7. Use-case diagram (uc) for a sport utility vehicle [6] (p. 218).

3.3. Define Stakeholder Needs

The stakeholders use the scenarios in the uc diagram and the constraints in the bdd diagram as
a principal sources in articulating the needs and capabilities for the proposed system. The needs and
capabilities are specified in a cascading, interrelated, hierarchic structure of: (1) mission; (2) goals; (3)
objectives; and (4) sub-objectives (i.e., MGOS), that permit the stakeholders to objectively specify
measurable criterion that can satisfy the system’s needs and capabilities.

The requirements diagram (req) is used by SysML to capture stakeholder needs and capabilities.
The req “Specifies a capability or condition that must (or should) be satisfied. A requirement may
specify a function that a system must perform or a performance condition a system must achieve.
SysML provides modeling constructs to represent text-based requirements and relate them to other
modeling elements. The requirements diagram can depict the requirements in graphical, tabular, or
tree structure format. The requirements modeling constructs are intended to provide a bridge
between traditional requirements management tools and the other SysML models” [6] (p. 157).

The foundation for the development of the req are as follows:

3.3.1. Theoretical Construct for the MGOS Hierarchy

The construct for the MGOS hierarchy is directly supported by five design-related principles
from systems theory [2—4], which are briefly described below.

Hierarchy: This is a central principle of systems where “Entities meaningfully treated as wholes
are built up of smaller entities which are themselves wholes ... and so on. In a hierarchy, emergent
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properties denote the levels”([48] (p. 314), see below for further discussion of emergence). Nobel
Laureate Herbert Simon [1916-2001] opined that “complex systems are nearly incomprehensible
unless we simplify them using alternative levels of description” [49] (p. 133). In an analogy for
systems he continued by stating “By a ‘hierarchic system,” or hierarchy, I mean a system that is
composed of interrelated subsystems, each of the latter being, in turn, hierarchic in structure until we
reach some lowest level of elementary subsystem” [50] (p. 68). An overview of hierarchy theory,
focusing on its key concepts, tenets, and history is contained in Wu [51].

The hierarchy concept underpins the construction of the MGOS through the use of interrelated
sets, specifically sub-objectives, objectives, and goals to make up and support the mission, which is
the whole.

Emergence: Aristotle understood that wholes display properties that do not necessarily exist
within the individual components. For instance, “whole entities exhibit properties which are
meaningful only when attributed to the whole, not its parts — e.g. the smell of ammonia. Every model
of systems exhibits properties as a whole entity which derive from its component activities and their
structure, but cannot be reduced to them” [48] (p. 314). Grobstein describes the phenomenon as
follows: emergence occurs in “set-superset transitions” where “new collective sets with relationally
transformed information not resident in the individual components” [52] (p. 46).

The concept of emergence is applied to the construction of the MGOS by understanding that the
whole (i.e., mission) can and will create more than the sum of the parts, through unique interactions
between the purposefully arranged parts (i.e., sub-objectives, objectives, and goals).

Requisite Parsimony: Psychologist George Miller [1917-2012] wrote a seminal paper The Magical

Number, Seven plus or Minus Two [53] positing human short-term memory is incapable of recalling
more than seven plus or minus two items. Miller’s work provides a starting place for defining human
span of control. In particular, information must be organized and presented in a way that prevents
human information overload. Building on Miller’s concept, systems pioneer John Warfield [1925-
2009] invoked what he called requisite parsimony by applying it to create an algorithmic approach to
the construction of a hierarchic objectives tree which can be used to illustrate exceedingly complex
analyses [54].

Requisite parsimony is applied to the construction of the MGOS by limiting the number of
lower-level elements within a given hierarchy to between seven plus or minus two hierarchic
elements.

Minimum Critical Specification: Systems practitioner Albert Cherns [1921-1987] stated that the
development of specifications has two aspects, one negative and one positive. The negative simply

states that no more should be specified than is absolutely essential; the positive requires that we
identify what is essential [55,56].

The principle of minimum critical specification is applied to the MGOS by ensuring that each
level in the hierarchy requires only what is essential to support the definition specified in the higher
level.

Requisite Saliency: Systems pioneer Kenneth Boulding [1910-1993] wrote that the factors that

will be considered in a system design are seldom of equal importance. Instead, there is an underlying
logic awaiting discovery in each system design that will reveal the saliency of these factors [57].

Requisite saliency is applied to the evaluation of the constructed MGOS when needs are
prioritized and down-selected as part of the stakeholder needs and capabilities specification process.
Requisite saliency requires the design team to develop and apply metrics to design factors as key
factors in needs and capabilities evaluation.

It is important to note that the prioritization of stakeholder needs and capabilities is useful when
designing a system because it helps focus engineers on the design team on delivering the most
important needs and capabilities first. It also supports the mandatory trade-off decisions encountered
during development of a hierarchic MGOS.

Application of the theoretical elements discussed in this section refers to what Gregor and Jones
[58] label as the fifth class of theory: theory for design and action, where the theory specifies how to do
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something. Specifically, “the theory gives explicit prescriptions (e.g., methods, techniques, principles
of form and function) for constructing an artifact” [59] (p. 620).
The next section will define the MGOS elements.

3.3.2. Definition of MGOS Elements

Hierarchy in design is typically implemented through decomposition, where the overall mission
for a system is broken down into supporting goals, objectives, and subobjectives (MGOS). This
structure permits the system’s concept to be formulated at a high level (e.g., ConOps and mission
statement) and then decomposed into lower levels that expand upon and enhance the specificity of
the stakeholder’s identified needs and the capabilities. This approach mirrors how systems are
organized into subsystems and lower-level components, all the way down to unique parts.
Application of, and adherence to, the five systems principles from systems theory discussed in the
previous section ensures that the MGOS results in a comprehensive expression of the stakeholder’s
needs and capabilities.

“The process of developing hierarchical structure may be viewed top-down as successively
imposing increasingly specific constraints on the form of an ultimate solution. It may also be viewed
bottom-up as successively exploiting the constraints satisfied by lower levels” [60] (p. 20). The levels
and definitions for each level include:

Mission: The top level in the MGOS is the system’s mission. The mission is a clear, concise
statement that conveys the need for the system and the desired end-point that the to-be system must
achieve. A mission is typically evaluated by its ability to meet the supporting goals.

Goals: Goals are defined as “statements of the intentions and desired outcomes of a system that
have different levels of abstraction” [61] (p. 6). The United States” National Aeronautics and Space
Administration (NASA) defines a goal as “An elaboration of the need, which constitutes a specific set
of expectations for the system. Goals address the critical issues identified during the problem
assessment. Goals need not be in a quantitative or measurable form, but they should allow us to
assess whether the system has achieved them” [62] (p. 49).

Objectives: Objectives are formally defined as “1. something toward which work is to be
directed, a strategic position to be attained, or a purpose to be achieved, a result to be obtained, a
product to be produced, or a service to be performed; 2. practical advantage or intended effect,
expressed as preferences about future states” [16] (p. 296). Objectives apply the five systems
principles from the previous section in order to satisfy the goal to which they are related.

“Specific target levels of outputs the system must achieve. Each objective should relate to a
particular goal. Generally, objectives should meet four criteria. (1) They should be specific enough to
provide clear direction, so designers, customers, and testers will understand them. They should aim
at results and reflect what the system needs to do but not outline how to implement the solution. (2)
They should be measurable, quantifiable, and verifiable. The project needs to monitor the system’s
success in achieving each objective. (3) They should be aggressive but attainable, challenging but
reachable, and targets need to be realistic. ‘Objectives To Be Determined (TBD)" may be included until
trade studies occur, operations concepts solidify, or technology matures. Objectives need to be
feasible before requirements are written and systems designed. (4) They should be results-oriented
focusing on desired outputs and outcomes, not on the methods used to achieve the target (what, not
how)” [62] (p. 49).

Sub-objectives: The term sub-objective utilizes the same definition as objective, but is at a level
below the objective, providing another level of refinement in defining the stakeholder needs and
capabilities.

A notional MGOS structure is depicted in Figure .

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0509.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 March 2026 doi:10.20944/preprints202603.0509.v

16 of 25

Goal n

ive

Objective
2.2

£
]

] L

Sub- Sub- Sub- Sub- Sub- Sub-
Objecti Objecti Objecti Objecti Objecti Objecti
1.2.1 1.2.2 1nl 1.n.2 21.1 21.2

Figure 8. Notional MGOS structure.

The req diagram contains all of the system-levels needs and capabilities and is capable of
interacting with all other diagrams in SysML. As such, requirements may be linked to all of the
system’s components and provide traceability to and from the lowest-level components all the way
back to the original stakeholder needs and capabilities developed in earlier activities.

Figure is a SysML requirements diagram for a feedwater systems in a nuclear power plant

using the MGOS hierarchy [63].
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Figure 9. MGOS structure in a SysML Requirements (req) diagram.

Once again, it is important to remember that no paper products or external sources are required
for this activity as all of the data and information are contained within the SysML model diagrams.
Furthermore, retention and management of stakeholder needs in the req diagram is an inherent
function contained within the SysML model.

3.4. Transform Stakeholder Needs into Stakeholder Requirements

During this process the stakeholders review the sub-objectives in the MGOS to ensure that all of
the functional and non-functional needs and capabilities are included within the MGOS. This is an
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important activity as stakeholders typically address only the functional needs and capabilities that a
system must possess when creating their scenarios in the uc diagram. Failing to identify the non-
functional requirements [64] during the conceptual design stage has proven problematic and has led
to cost overruns during the systems implementation stage [65-67]. By formally addressing this
activity the stakeholders include additional goals, objectives, and sub-objectives that address any
missing functional requirements.

The data and information with respect to non-functional requirements are specified as scenarios
in new uc diagrams in the SysML model.

3.5. Analyze the Complete Set of Stakeholder Needs and Capabilities

In this final activity of the process, the entire MGOS is reviewed to ensure that both purpose and
behavior are described in the context of the operational environment and conditions for the proposed
system. The MGOS provides traceability between mission and supporting goals and the lower-level
objectives and sub-objectives, permitting stakeholders to validate the sources and rationale for their
expressed needs and capabilities.

A major task within this activity is the definition of critical performance measures, in order to
assess the system’s ability to technically achieve its mission, through its” goals, objectives and sub-
objectives. In some processes this task occurs iteratively and concurrently with the development of
the system’s mission, goals, objectives, and sub-objectives (MGOS) tree; however, we describe the
steps linearly here for simplicity and clarity.

The framework for the development of performance measures for systems is based upon the
definition used by the United States Department of Defense for operational test and evaluation
(OT&E) which is defined as an effort “to determine the performance of a system under the most
current operational conditions” [68] (p. 4). The sub-sections that follow will address technical
performance measures for each level in the MGOS using the notions from OT&E.

3.5.1. Mission-Level Performance Measures

At the top or first level of the technical measurement tree, alongside of the system’s goals, are
critical operational issues (COls). COIs are defined as “incontrovertible stakeholder-recognized
needs derived from problems that must be satisfactorily addressed” [69] (p. 16). COls are emergent
properties that the system must have to perform its designated mission.

The COIs serve as the top-level in a series of system-wide performance measures that include
three additional levels: (1) measures of effectiveness (MOEs); measures of performance (MOPs); and
(3) technical performance measures (IPMs), Each of these measures should be independent of
specific solutions and do not specify methods to achieve measurement or performance criteria. The
sections that follow will address each of these measures.

3.5.2. Goal-Level Performance Measures

At the second level of the technical measurement tree, alongside of the system’s objectives, are
the MOEs. A measure of effectiveness (MOE) is defined as “operational measure of success that is
closely related to the achievement of the operational objective being evaluated in the intended
operational environment under a specified set of conditions” [16] (p. 268). MOEs are stated from the
stakeholder’s point of view and represent criteria that must be met in order to satisfy an associated
goal, where the “the intended results refer to how well the solution meets the stakeholders needs”
[70] (p. 53). Two key characteristics must be the satisfied by MOEs: (1) the ability to be tested; and (2)
that they can be quantified in some manner. The NASA systems engineering handbook includes a
discrete system design competency (SE 1.1) during technical requirements definition which includes
“establishing a set of Measures of Effectiveness (MOEs)” [62] (p. 14).

“MOEs may be either quantitative or qualitative (subjective) in nature. MOEs are typically not
directly used as a technical requirement for the system but will be the basis for the concept of
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operations and requirements definition. MOEs are intended to focus on how well mission or
operational objectives are achieved, not on how they are achieved, i.e., MOEs should be independent
of any particular solution. As such, MOEs are the standards against which the “goodness” of each
proposed solution may be assessed in trade studies and decision analyses. Measuring or evaluating
MOEs not only makes it possible to compare alternative solutions quantitatively, but sensitivities to
key assumptions regarding operational environments and to any underlying MOPs can also be
investigated” [71] (p. 317).

For example, if a design team is tasked with designing an electric vehicle a valid MOE may be
stated as: The electric vehicle must be able to drive fully loaded from Norfolk, VA to Washington,
DC without recharging. This MOE is clearly measurable and quantifiable. MOEs are typically
supported by a hierarchy of MOPs [70].

3.5.3. Objective-Level Performance Measure

At the third level of the technical measurement tree, alongside of the system’s sub-objectives,
are the MOPs. A measure of performance (MOP) is defined as “engineering parameter that provides
critical performance requirements to satisfy a measure of effectiveness. Note 1 to entry: An MOP
typically characterizes physical or functional attributes relating to the system operation” [16] (p. 268).
Another definition states “MOPs are measures that characterize physical or functional attributes
relating to system operation, measured or estimated under specified testing and/or operational
environment conditions” [72] (p. 732). Both definitions support the notion that MOPs are derived
from the MOEs but are stated in more technical terms from the engineering team’s perspective. It is
important to note that there may be two or more MOPs for each MOE. The NASA systems
engineering handbook includes a discrete system design competency (SE 1.2) during technical
requirements definition which includes “defining the Measures of Performance (MOPs) for each
MOE, and defining appropriate Technical Performance Measures (TPMs) by which technical
progress will be assessed” [62] (p. 14).

“The MOPs, being quantitative, are used to validate an MOE. A MOE is validated when all the
associated MOPs are satisfactorily achieved” [73] (p. 318).

In the example the MOE stated that the electric vehicle must be able to drive fully loaded from
Norfolk, VA to Washington, DC without recharging. In support of these more than one MOP will be
developed. An example of a supporting MOP is: The vehicle range must be equal to or greater than
250 miles. This establishes a more precise requirement than the distance from Norfolk, VA to
Washington, DC. MOPs are supported by any number of specific requirements-based Technical
Performance Measures (TPMs).

3.5.4. Sub-Objective Level Performance Measure

The fourth level of the technical measurement tree is made up of technical performance
measures (TPM). TPMs are defined as a “measure used to assess design progress, compliance to
performance requirements, and technical risks for critical performance parameters” [16] (p. 463).
TPMs are directly associated with and established from the MOPs. However, TPMs are not developed
during the technical processes of sections 6.4.1 and 6.4.2, depicted in Figure 6, but during the
requirements development process in section 6.4.3, depicted in Figure 6, where the “stakeholder,
user-oriented view of desired capabilities into a technical view of a solution that meets the operational
needs of the user” [20] (p. 54).

In the previous example for an electric vehicle the MOE stated that the electric vehicle must be
able to drive fully loaded from Norfolk, VA to Washington, DC without recharging. In support of
this MOE an MOP was developed and stated the vehicle range must be equal to or greater than 250
miles. This established a more precise requirement than the distance from Norfolk, VA to
Washington, DC —since many different routes might be taken to drive this route. In support of this a
series of specific Technical Performance Measures (TPMs), at varying levels of detail, may be invoked.
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The TPMs for this example could include battery capacity, vehicle weight, drag, power train friction,

etc. ...

3.5.5. Integrated MGOS and Performance Measure Levels

below.

The notional MGOS from Figure is has the technical performance levels added in Figure ,
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Figure 10. Stakeholder needs and capabilities and system-level engineering requirements process.

The hierarchy in Figure is developed in SysML using a pkg diagram as depicted in Figure .

Profile Diagram Technical Measures Profile | U
«stereotype» [R]
Requirement
[Class]
«stereotypes
StakeholderConcern astereotypes
[Class] MissionObjective
+Stakehoidérr?‘éiakeholder [Classy
+Stk_Concern : String
«stereotype» «stereotype»
MOE_specification MOP_specification
[Class] [Class]
«stereotypes
TPM_specification
[Classg]

«Metaclass»
Property

astereotypes

tpm

[Property]

astereotypes
mop
[Property]

i 1

moe is already a
stereotype so no
need to create a
new one

Figure 11. Technical measures profile [72] (p. 734).

3.6. Manage the Stakeholder Needs and Requirements Definition

In this activity the stakeholders must explicitly indicate their agreement with the stakeholder
needs and capabilities, as reflected in the MGOS and the associated technical measures. Formal

concurrence is ideal; however, in practice design teams may need to be satisfied with other
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indications of agreement. It is important that the nature and form of the agreement, along with any
remaining disagreements, be documented in the model>.

All stakeholder decisions are recorded within the system. The SysML model contains all
information and provides traceability from every requirement in the model to and from the systems
sub-systems and lower level components. At this point, the SysML model may be considered a
baseline model in the life cycle development process.

3.7. System Requirements Definition

Upon completion of MGOS interactions with the stakeholders, the sub-objective level of the
MGOS contains the stakeholder requirements. These requirements are written in the language of the
stakeholders, represent the needs and capabilities required by the proposed system, and are written
from the stakeholders’ perspective or point of view. This perspective or view represents the
specification of a capability or condition that the system must satisfy.

The next step in the system life cycle process model is to derive technical system requirements
from the sub-objectives, which is accomplished in 15288 Technical Processes 6.4.3 and 6.4.4. It is
important to note that system-level requirements are derived and specified in a formal requirements
language. The formal specification of engineering requirements is a vast subject, addressed in
engineering courses, texts [75-78], and academic journals [79], and as such, will not be addressed
further here.

4. Conclusion

This paper has proposed a formal method and associated techniques for completing the
ISO/IEC/IEEE Standard 15288 technical process 6.4.2 — stakeholder needs and requirements definition
as a companion work to Engineering systems with standards and digital models: Development of a 15288-
SysML Grid [1], which describes an engineering design method that supports the tenets of the
Industry 4.0 paradigm.

The formal method presented uses established constructs derived from systems science;
specifically, the systems principles of hierarchy, emergence, requisite parsimony, minimum critical
specification, and requisite saliency, to ground the approach in accepted principles of systems
science. The application of the accepted principles ensures that stakeholders are able to objectively
specify measurable criterion that can satisfy stakeholder needs and capabilities.

The method is strengthened through:

e  The use of international standards for systems engineering (e.g., ISO/IEC/IEEE 15288);

e  Adoption of the four fundamental aspects of system design supported by model-based systems
engineering (MBSE) [5]; and

e Invocation of the international standard for the systems modeling language (SysML) [6]

Practitioners are encouraged to adopt this technique for the development of a hierarchical
requirements tree—one that specifies Mission, Goals, Objectives, and Sub-objectives (MGOS) as a
method and SysML as a technique to provide an improved stakeholder process for the clear
articulation of system-level engineering requirements. Use of the MGOS is intended to have a positive
impact on the system design process by ensuring reproducibility, replicability, transparency, and
generalization during the specification of stakeholder needs and capabilities.

2 Tt is important to note that the engineering team needs to address the need to not only analyze and document
stakeholder requirements, but actively manage interactions with identified stakeholders that lead to
identifications of such requirements, characterize their inputs and outline strategies to deal with potential
disagreements. 74. Hester, P.T.; Adams, K.M. Systemic decision making: Fundamentals for addressing problems and

messes, 2nd ed.; Springer International Publishing: Cham, Switzerland, 2017.
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Table A1. 15288-SysML Grid for Technical Process 6.4.2 Stakeholder Needs and Requirements Definition.

Technical Process 6.4.2 Stakeholder Four design aspects
Needs and Requirements Definition Behavior I Requirements I Structure | Parametric
Activity a: Prepare for stakeholder needs and requirements definition
Laska.l: Iden,tlfy the fc’takeh()ldefs Stakeholders for the Structure of system.
who have an interest in the solution
throughout its life cycle. pystem. uc. pks.
[Task a.2: Define the stakeholder Depicted with use case
needs and requirements strategy. diagram. uc.
Task a.3: Identify and plan for the
nece.ssary enabling systems or Achieved using use
services needed to support the .
. case diagram. uc.
stakeholder needs and requirements
definition.
Task a.4: Obtain or acquire access to |Achieved using use
the enabling systems or services to be|case diagram, via
used. SysML. uc.
Activity b: Develop the operational concept and other life cycle concepts.
Stakeholders are
Task b.1: Define context of use withinfassigned system- Preliminary
the concept of operations, the related use cases and loperational concept
preliminary life cycle concepts, and  [preliminary may also be defined
the preferred solution class(es). operational behavior lusing blocks. bdd.
defined. uc, act, or seq.
Task b.2: Define the context of use  [Stakeholders are
land a set of scenarios (or use cases) tofassigned system-
identify all required capabilities that [related use cases and
correspond to anticipated operationalfpreliminary
concepts and other life cycle loperational behavior
concepts. defined. uc, act, or seq.
Stakeholders are
lassigned system-
Task b.3: Characterize the operationalrelated use cases and Operational
environment and the intended users. [preliminary environment. bdd.
loperational behavior
defined. uc, act, or seq.
Stakeholders are
[Task b.4: Identify interactions pesigned system-
between users and the system and relat.ed. use cases and
the factors affecting the interactions. prehm.l nary .
loperational behavior
defined. uc, act, or seq.
Task b.5: Identify all interface Operational
Iboundaries across which the Sol environment and
interacts with external systems. boundaries. bdd.
[Task b.6: Identify the constraints on a IParameters defined. Cor.lstramts
. ssigned.
system solution. bdd. ar.

IActivity c: Define stakeholder needs.
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Task c.1: Identify stakeholder needs
within the constraints imposed by the
life cycle concepts.

Stakeholder mission, goals,
objectives, and sub-
objectives (MGOS). req

ineeds and rationale.

Task c.2: Prioritize and down-select Facilitated with
needs. requirements diagram. req.
Task c.3: Record the stakeholder Facilitated with

requirements diagram. req.

Activity d: Transform stakeholder needs into stakeholder requirements.

Task d.1: Identify the stakeholder
requirements and functions that
relate to critical quality
characteristics, such as assurance,

safety, security, environment, or
lhealth.

Facilitated and recorded in
requirements diagram. req.

Task d.2: Define stakeholder
requirements, consistent with life
cycle concepts, scenarios,
interactions, constraints, critical
quality characteristics, and SoS
considerations.

Stakeholder requirements
defined. req.

Activity e: Analyze stakeholder need

s and requirements.

Task e.1: Analyze the complete set of
stakeholder requirements.

[Facilitated with
requirements diagram. req.

[Task e.2: Define critical performance
imeasures and quality characteristics
that enable the assessment of
technical achievement.

Defined alongside
stakeholder requirements.
req.

Task e.3: Feedback the analyzed
requirements to applicable
stakeholders to validate that their
ineeds and expectations have been
ladequately captured and expressed.

[Facilitated with
requirements diagram. req.

Task e.4: Resolve stakeholder
requirements issues.

[Facilitated with
requirements diagram. req.

Activity f: Manage the stakeholder needs and requirements definition.

Task £.1: Obtain explicit agreement
on the stakeholder requirements.

IDocumented in
requirements diagram. req.

Task £.2: Record key stakeholder
requirements decision and rationale.

IDocumented in
requirements diagram. req.

Task £.3: Maintain traceability of
stakeholder needs and requirements.

[Facilitated with
requirements diagram. req.

Task £.4: Provide key artifacts that
lhave been selected for baselines.

IDocumented in
requirements diagram. req.
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