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— Greater systems complexity calls for digital requirements engineering

® As complexity of space missions continues to grow, demand for more cost-
effective system development programs grows.

® Traditional requirements engineering does not leverage graph connectivity of the
system architecture model.

® Ad-hoc duplication of system architecture elements in a Requirements Manage-
ment Tool (RMT) confounds the Authoritative Source of Truth (ASoT).

¢ Data synchronization between RMTs and SysML-defined architecture modeling
tools mitigates these problems, but primary use of SysML tools offers deeper
model integration.

How can we improve requirements quality by leveraging new INCOSE
guidance and existing SysML architecture modeling facilities?
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= Introducing digital requirements engineering

Definition (Digital Engineering (DE))

An integrated digital approach that uses authoritative sources of system
data and models as a continuum across disciplines to support lifecycle
activities from concept through disposal.’

DE is not a new discipline of engineering but rather an intentional transforma-
tion of how an organization integrates and performs its engineering activities to
achieve higher quality and efficiency.?

Digital requirements engineering further integrates requirements with the
ASoT, enabling formal verification and validation (V&V) activities that may be
automated to improve model confidence and ease stakeholder reviews.’

' Office of the Deputy Assistant Secretary of Defense for Systems Engineering 2018 2 Noguchi, Wheaton, and
Martin 2020 ° Duprez et al. 2023
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— MBSRs derive from requirement statement templates/patterns
ISO/IEC/IEEE 29148:2018

TEMPLATES®
CARSON TEMPLATE' [Subject] shall [Action]
The [Who] shall [What] [How Well] under [Constraint of Action].
[Condition].? OR

[Condition], [Subject] shall [Action]
[Object] [Constraint of Action].

Additional requirement statement patterns are discussed in Appendix C of INCOSE
Guide to Writing Requirements (GtWR).*

' Carson 2015 2 Herber and Eftekhari-Shahroudi 2023; Herber, Narsinghani, and Eftekhari-Shahroudi
2022  °*“ISO/IEC/IEEE International Standard - Systems and software engineering — Life cycle processes —
Requirements engineering” 2018 * Wheatcraft and Ryan 2023
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— Example MBSR with INCOSE GtWR Attributes

req [Requirement Set] Spacecraft [ Spacecraft Purpose ] J

«comment»
During requirements validation with project stakeholders,
the Requirements Characteristics Validation matrix is
used to creaie Validate relations to \NCOSE GtWR
c of Well-Formed

«comment»
During requirements verification with requirements
engineers and other stakeholders, the

Requirements Rules Satisfaction matrix is used to
create Violate or Satisfy relations to INCOSE

«comment»

Standard SysML Requirement attributes are used for
1D and Text (*Shall Statement"). “Underline Patterns
in Requirement Text" is applied using the tool to
automatically indicate quantity relations.

‘«comment»
INCOSE NRM Attributes of Well-Formed
Requirements are organized by function.

«comment»
Requirement statement template or pattern slots are
numbered and typed, and set multiplicity to trigger
automatic validation suites,

«Organizational Requirement
Purpose

GtWR Rules for Requirement Statements. =4

|

"|sRi1-conditio

Requirements Validation =
[cINecessary
[clAppropriate
[dISingular
[cICorrect
[ Conforming
[clUnambiguous
[cIComplete
[clVerifiable/Validatable
Rules Violated =
[4Explicit Conditions
[ Supporting Diagram, Model or ICD
[ Related Needs and Requirements

Id = "L3-EX.1"

Text = "During the Sample_Collection_Activity, the Spacecraft
shall collect Asteroid_A_Regolith with Regolith_Sample_Mass

target betwoen 0.5 kg and 1 k"

Attribut d with Systom Ver
A08- Sys(em V&V anary Method'
A10-System V&V Level = L3-System

jon &
Test

d Requirements;

omplete

A28-Need or Requirement Verification Status* =

A30-Status of the Need or Requirement = Draft

A34-Priority* = High

A38-Key / Driving = K+D

A40-Type* = Functional
Structured mont - 150 29

'Sample Collection

SR2-Subject = [ElSpacecraft

SR3-Action = 7 dCollect Asteroid_A_Regolith

SR4-Object = [ElAsteroid_A_Regolith

9148 T

SR5-Constraint of Action = [ZRegolith_Sample_Mass_Target
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— Relation Map derived view of example MBSR

O in Asteroid_A_Regolith_Sample: Spacecraft Example:Structure::Asteroid_A:Asteroid_A_Regolith&

T3 Collect Asteroid_A_Regolith&

Legend
Sample Collection Y Allocate
7/ Constrained Element

/7 Owned Parameter
7 ———— SR1-Condition
————— SR2-Subject
craft Purpose & , — SR3-Action

’ ———— SR4-Object
7 SR&-Constraint of Action
— — — Type

-
Elspacecraft

s
E Asteroid_A_Regolith&

=0} Regolith_Sample_Mass_Target & .
S0 Mass_Target=.5 <= Regolith_Sample_Mass <= 1
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— MBSR stereotype definitions with INCOSE GtWR Attributes
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— Key features of MBSR with INCOSE GtWR Attributes

tructured Requirements  INCOSE-derived SysML Meta-model  Di:
000 o

® Attribute values are model elements or relationships which af-
ford advanced queries (i.e. Structured Expressions)

e Attribute values are typed with SysML-defined element types,
facilitating data entry and verification

® Multiplicity values automate verification of organization-defined
minimum attribute set

® Additional attributes are easily added to Organizational Require-
ment Attributes stereotype

* Numbering scheme matches INCOSE GtWR while facilitating
search/filter operations

e Duplication of standard SysML attribute values is avoided using
derived properties
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— Model-based requirements V&V using the SysML Profile
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(3 136X Spacecraft 1 /
L& 13-6x1 ft P i i i ? ivitie i
0 361 Spacecraftburpose [ 7| |21 7] | During requirements validation activities, Validate rela-

tions are mapped from MBSR to INCOSE GtWR Charac-

Satisiy or Violate relations are teristics for Well-Formed Requirements.

mapped from MBSR to INCOSE
GtWR Rules for quick verification.

® SysML documentation field or comments with anchors may be used to record rationale
SysML relations created against Rules and Characteristics produce metrics

® Legend items may be used to highlight requirements in violation

® Built-in documentation aids in definition lookup



®

Discussion



tructured Requirements

= Advantages & disadvantages of this approach

ADVANTAGES

® Requirements stakeholder views are gen-
erated from the model, e.g. PowerPoint,
Excel, Web Report

® SysML enables near-limitless customiza-
tion, empowering the engineer

® Collaboration is supported with Teamwork
Cloud plugin

® Full ISO 80000 units of measurement,
and other SysML Profiles are available for
requirements use

® TBX summary table is easily created

® Requirements V&V metrics support sys-
tem architecture metrics

® Glossary terms are underlined & reference
documentation is easily accessible

DISADVANTAGES

Many requirements management tasks are
not well-supported by the SysML tool, or
become tedious to perform

Customization of default styles is recom-
mended to prevent disrupting well-formed
diagrams

SysML model is not backed by a database
and data loss may occur

Reports and tables can be slow to render

While some requirement management
tasks may be scripted, AP documentation
is lacking
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= Conclusions and future work

This digital requirements engineering method is being tested at NASA Jet Propulsion
Laboratory on the Mars Returned Sample Handling project currently in Pre-Phase A.

® By applying INCOSE GtWR in the MBSR framework, over 150 requirements
were rapidly improved and passed early validation

* Flexibility afforded by SysML meta-modeling and Velocity Template Language
provide familiar stakeholder views

® Requirement statement patterns ensure consistency, and MBSR with INCOSE-
derived SysML meta-model aids requirements definition and V&V

® Feedback from NASA JPL stakeholders is positive and supports continued appli-
cation of this approach

Our MBSR SysML Profile is open source to support future work:
® Translation of this SysML Profile to SysML v2
® More system applications and stakeholder validation
® Improved scripted behaviors and stakeholder-targeted derived views
® Improved robustness of SysML modeling tools
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Questions?

Digital requirements engineering with an
INCOSE-derived SysML meta-model

James S. Wheaton
Daniel R. Herber
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