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ABSTRACT

In the last years, the system engineering field is coming to terms with a paradigm change in the approach for complexity
management. Different strategies have been proposed to cope with highly interrelated systems, system of systems and
collaborative system engineering have been proposed and a significant effort is being invested into standardization and
ontology definition. In particular, Model Based System Engineering (MBSE) intends to introduce methodologies for a
systematic system definition, development, validation, deployment, operation and decommission, based on logical and
visual relationship mapping, rather than traditional ‘document based’ information management.

The practical implementation in real large-scale projects is not uniform across fields. In space science missions, the
usage has been limited to subsystems or sample projects with modeling being performed ‘a-posteriori’ in many
instances. The main hurdle for the introduction of MBSE practices in new projects is still the difficulty to demonstrate
their added value to a project and whether their benefit is commensurate with the level of effort required to put them in
place.

In this paper we present the implemented Euclid system modeling activities, and an analysis of the benefits and
limitations identified to support in particular requirement break-down and allocation, and verification planning at
mission level.

Keywords: mbse, model based, simulation, SysML, systems, requirements, Euclid

1. INTRODUCTION

Euclid is the second medium class mission (M2) of the European Space Agency (ESA) Cosmic Vision program. Its
primary goal is to determine the nature and distribution of dark matter and dark energy using two main cosmological
probes: Weak Lensing (WL) and Galaxy Clustering (GC) [1]. This objective is planned to be achieved conducting a
survey of more than 15,000 deg” of the extragalactic sky, performed by a single spacecraft with a 1.2 m entrance pupil
telescope, equipped with a visible imager (VIS) [3] and a near infrared spectrophotometer (NISP) [4]. The WL probe
involves the measurement of galaxy shear of a large number of sources, driving performance requirements beyond
traditional image quality and sensitivity, to include also ellipticity, Point Spread Function (PSF) stability and control of
any systematic bias that could introduce errors in the cosmological signal of interest. The required level of residual errors
depends not only on the performance of the telescope, instruments, spacecraft pointing, etc., but also to a significant
extent, on calibration data, external data (from other space and/or ground missions) and science data processing
algorithms performance. These different contributors are developed by and under the responsibility of different entities
both within ESA project and its direct contractors, and as part of a Euclid Consortium composed of institutions across
different nations.

*FEuclid Mission and Payload System Engineer, jose.lorenzo.alvarez@esa.int; phone +31 715653598; fax +31 71 565
5244; http://sci.esa.int/euclid
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The complex interrelationship between the different contributors to the system performance and the number of involved
stakeholders, led early on to the decision to adopt a Model Based Systems Engineering (MBSE) approach in Euclid to
control requirement flow-down, architecture selection, verification and operations definition. Specifically, System
Modeling Language (SysML) [5] was selected to build a representation of the system and capture the complete
traceability of the mission break-down, from science objectives to verification and full life-cycle planning.

This is, the first full application of MBSE in an ESA science project in development and it has generated an important
number of lessons learned and recommendations for modeling in future missions.

The paper is organized as follows: section 2 introduces the concept of complexity as perceived by the Euclid project
context and it describes the needs that lead to the selection of a MBSE approach. Section 3 provides an overview of
SysML application for Euclid and the project specific ontology and model organization. Section 4 details the
requirements, architecture, verification and operations modeling approach for the mission. Finally section 5 looks
critically at the experience to date of the MBSE introduction in the Euclid mission, it draws initial lessons learned and it
summarizes the activities in the future.

2. COMPLEXITY DEFINITION, QUANTIFICATION AND MANAGEMENT

2.1 The Euclid mission context

As briefly described in the introduction section, Euclid is a space-based optical/near-infrared survey mission designed to
investigate the nature of dark energy, dark matter and gravity by observing their signatures on the geometry of the
Universe. As per any mission deeply based on a theoretical field (cosmology in this case) the mission goals as expressed
by the stakeholders are quite far from a physical system specification and implementation. The bridging of this gap is
performed in early phases of the project (Phase A/BO in ESA used development cycle definition) by both the science
community and the engineering groups in an iterative process of refinement of stakeholder requirements and needs.
Along this process, a great number of assumptions and considerations are made to refine and converge on the wording of
requirements and in a set of mission architecture choices (single or multiple spacecrafts, split between data processing on
orbit and on-ground, synergies with existing missions/data, etc). The collection and maintenance of the complete set of
assumption and justifications for the chosen selections is the responsibility of the mission Systems Engineering function.
It usually takes the form of a set of reports, spreadsheets, simulations, code snippets, etc., that, -in the best of cases- are
collectively compiled in a Requirements/Design Justification File. This paper based approach is in many cases sufficient
to maintain control of the system and requirements interactions and relationships. However, as the number of
interrelating elements and/or parameters grows, the efficiency of this concept decreases at a fast rate. Additionally the
risks of missing interactions and propagating errors based on non-uniqueness of data representation increases
significantly.

It can be questioned then what is the (fuzzy) boundary that defines a system as complex enough to be at risk with this
traditional approach. The term complexity should be subcategorized between the informal use, reflecting perceived
complexity and the formal definition as used in complex system theory. In this paper we refer loosely to complexity in
our context, as the reflection of a system that has three components: 1) multiple configured elements, 2) multiple actors
and 3) a high number of non-trivial interactions. We provide below our definition for each of these components and
examine them under the perspective of the Euclid mission:

1) Multiple configured elements: in the mission system engineering function for Euclid, configured elements are
considered to be anything that has clear definition, boundaries and relations with respect to other configured
elements. Obvious examples are the different mission architecture hardware elements(Spacecraft and
subsystems), the launcher, the ground stations, etc. However, in this definition, non-physical elements are
included, mainly requirements, constraints, tests and analysis. The Euclid mission top-level architecture [2]
includes a single spacecraft, the ground station network (GSN) and the ground segment both for operational,
and for science data processing (Figure 2-1).

Proc. of SPIE Vol. 9911 99110C-2

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 06 May 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



bdd [Package] Architecture [Euclid Mission Architecture]
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Figure 2-1 - Euclid Top Level Mission architecture

Up to this level, the structure is standard in most space missions. If we look at the mission context (Figure 2-2),
and one level deeper in the mission product tree decomposition (Figure 2-3), other elements that must be
accounted for are as follows: Euclid requires external data from ground surveys and/or other space missions to
achieve the mission scientific goals; the survey definition is in itself part of the architecture linked to
requirements and imposing constraints on the system; the science ground segment is composed of a number of
science data centers (SDCs) and Organizational Units (OUs) that work in coordination to process the data; the
calibration tasks and needs are part of the flow-down and require to maintain links with the requirements and
adequate hardware products, etc...
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Figure 2-3 - Euclid Mission architecture

Similarly, in initial phases, evaluation of the top-level science needs and objectives led to a set of 20 level-1 science
requirements (Figure 2-4). Level-1 requirements are still expressing science needs and must be translated further into
engineering requirements. So, only at the mission level a significant number of configured elements can be easily listed
without delving in the lower layers of the system architecture.
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Figure 2-4 - Level-1 Euclid science requirements (Weak Lensing (left), Galaxy Clustering (right))
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2) Multiple actors: We define, for the purpose of this paper, actors as any entity with an active participation in the
definition, design, implementation or control of the Euclid system. Those are traditionally also referred to as
active stakeholders. In the scope of a mission like Euclid, the number of entities and interactions between them
is very large, and also variable in time. As a first instance, there is the ESA project and the Euclid Consortium.
The ESA project includes the development team, the operations group and the science operations team, located
in three different sites. The Euclid Consortium (EC) [6], is an organization that brings together teams of
researchers in several fields (physics, astrophysics, astronomy) and engineers, management, etc who work in
public institutions and contribute to the mission. It is composed of around 1200 members in more than 120
laboratories spread among 15 countries. To ESA and the EC we have to add the industrial partners under
contract to ESA that develop and manufacture the space segment. All-in-all, hundreds of groups with different
levels of interaction and relationships whose interfaces must be tracked and managed. In addition, in the
structure of organizations like ESA and the industrial prime contractors, traditionally there is a split between the
teams performing the initial study in the early phases, the implementation and commissioning of the operational
system, the operations and the science exploitation during the operational lifetime. Ensuring the adequate
transfer of information and historical rationale for selections that had taken place in the past is fundamental to
perform informed decisions at all stages of the mission.

3) High number of non-trivial interactions: In the term non-trivial interactions, we agglutinate all relationships
between configured elements that are not obvious for most space system engineers. Although this is a loose and
generic statement the essence refers to those relationships that pose a risk of being overlooked if not properly
documented. The clearest examples are in the interrelationship between requirements. Requirement traceability
typically links elements based on a parent-child relationship, where a child requirement is derived logically, by
means of an analysis of budgeting from the parent. This is well mastered and controlled either in documentation
or using traceability tools like DOORS®. However, in many instances, a derivation depends on the value of
another system parameter, an architecture choice, etc. Those links should be clearly controlled to maintain
adequate consistency of the system.

2.2 Model Based Systems Engineering for Euclid

The nature of complexity as described in the previous section, led to the needs to: 1) be able to map and trace
relationships between configured elements of different types (requirements, hardware components, tests, analysis, etc),
2) maintain a unique definition and representation of elements, 3) work collaboratively and 4) ensure configuration
control. All those points brought the mission system engineers at ESA and the Euclid Consortium to consider introducing
a model based approach for Euclid.

The International Council of System Engineering (INCOSE) defined MBSE, as “the formalized application of modeling
to support system requirements, design, analysis, verification and validation activities beginning in the conceptual
design phase and continuing throughout development and later life cycle phases.” [7]. Since that definition given in the
Systems Engineering vision for 2020 (published in 2007), the MBSE field has evolved and becomes a reality in many
industries, as recognized in the Systems Engineering vision update for 2025 [8], published in 2014.

Several examples are available of application of MBSE in Space programs are available ([9], [10]), although mostly
applied in the early concept definition phases. Particularly interesting to the Euclid mission, are the examples for
astronomic ground observatories described in [11] and [12].

The mission system engineering team decided to create a model of the Euclid mission using System Modeling Language
(SysML) [5]. SysML is a standardized graphical modeling language created to support system level visualization of
requirements, architectures, interfaces, verification and behavior. SysML was developed by extending a part of the
Unified Modeling Language (UML) used in software engineering. Selection of SysML over other available languages
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and methodologies was based solely on the experience of the members of the system team at the time. In section 5, we
reflect in general over the selection and over the lessons learned in the Euclid experience to date.

3. EUCLID MBSE APPROACH

3.1 Euclid modeling framework

The Euclid System Engineering Model is built to represent the System from the different points of view required to
define, design, and verify the Euclid system while keeping track of rationales, justifications and supporting analyses.

The selection of what views to be included in the model is addressed in different domains by the creation of Architecture
Frameworks (AFs). Frameworks are standardizations of the system representations. The definition and creation of
system frameworks is addressed by the ISO/IEC/IEEE 42010:2011 standard. Some of the best known AFs are DoDAF
(USA Dept of Defense AF), MoDAF (UK Ministry of Defence AF), TOGAF (Open Group AF) and Zachman
Framework, but many others are available based on the ISO standard above (for a nice survey of available AFs see [13]).
In ESA, the ESAAF (European Space Agency AF) has been created as a modeling methodology to support decision
making in System-of-systems (SoS) design and integration. It is based on existing methodologies while adding space
domain specific concepts.

The Euclid model is the first attempt to apply an MBSE approach at mission level for a major science project under
development in ESA. Therefore, we deliberately limited the scope of modeling and decided to implement a subset of the
typical views present in most AFs, without fully adhering to a particular one. As such, only the relevant modelization to
the SE group was included. The model was organized in the following views (Figure 3-1):

pkg Euclid Mission start page /

Euclid Mission Model: This model is

designed to support System
Engineering activties.

Itaims a containing the suitable

a |I‘fu - CEA Saclay
Institut de recherche
/ sur les lois fondamentales
e I'Univers

jerome.amiaux@cea.fr

euclid

information to ensure that the Euclid
Mission s designed, built and verified
to comply with its mission needs

Euclid Mission

double click on the icons to navigate. Jose.Lorenzo.Alvarez@esa.int

Requirement Verification
Verification package contains the test
cases and veriication approach description
that allow verfying that current mission
implementation meet the expected needs
Status: empty

Actor package describe the different
structure and key people contributing to
the Euclid Mission.

Status: preliminary

Requirement package contains the
requirement specification flow down from
top level Science Requirements to
implementation.

Status: Advanced

& _ ol

Lifecycle

Model

Architecture Model Library

Architecture package describe the design
architecture of the mission, including the
Mission product tree, the Mission
environment and the Mission interface.
Status: advanced

Lifecycle package contains description of the different
steps in the lfe of the Euclid Mission from selection to
scientifical analysis of the processed data

Status: empty

Model Library contains reference
definition, profiles and stereotypes
used in the model.

Status: advanced

Figure 3-1 - Euclid Model Views

- Requirements view: Modeling of Euclid requirements, including traceability, budgeting, justification and
change control

- Architecture view: Modeling of architecture and structure of the Euclid system, including interaction and
interconnection between elements, characteristics, models, etc

- Verification view: Modeling of system verification logic, including activities, levels and flows, etc.
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- Lifecycle view: Modeling of operational and data flows for the Euclid system, including operational timelines,
data transmission and communication flows, etc.

For each of those views, an specialization' of the modeling elements and diagrams available in SysML has been done for
the needs of the Euclid mission and is described in more detail in section 4.

3.2 Model tool selection, usage, distribution and organization

The Euclid System Engineering Mission Model is created and maintained by the ESA and European Consortium (EC)
Mission System Engineering group. To allow collaborative work and access to the model to the different groups
involved in the ESA project, a deployment based on a version controlled server repository located at the ESA Science
Operations Center (ESAC) is set-up.

The Euclid modeling approach has been adopted by:
- ESA Project Mission System Engineering group.
- EC Mission System Engineering group.
- ESA Science Ground Segment
- ECNISP team
- EC-Science Group Segment team
- EC Calibration group

For the Euclid Project the selected SysML model implementation tool is Enterprise Architect by Sparx Systems
(Www.sparxsystems.com).

The Prime contractor and the VIS instrument team perform requirement control and maintenance using DOORS®. The
link between the IBM Rational DOORS® databases and the System Engineering model is performed through a manual
importer to allow full requirement traceability to element level with the Spacecraft provided elements.

For visualization outside of the Enterprise Architect tool, a HTML export is created to allow external review and usage.

esa | L 1 ¥

L P—Fe&m—EG)SGS

VIS Team

viewers

DOORS
L 'ﬂ\
A

:

‘ Model HTML export for external

P
ThalesAleriia
Space

TASI DOORs
Database export

Figure 3-2 - Euclid System Engineering Model deployment

! Specialization in UML/SysML vocabulary refers to the process of extending the basic elements available in the language to add
additional characteristics specific to the application.
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4. EUCLID MODELING DETAILS

4.1 Requirements modeling

The requirements for the Euclid mission are modeled using SysML requirements objects, with specific tailoring and
expansion to cover the needs identified by Euclid. This is made possible by the extension mechanism available in SysML
through the use of profiles. A dedicated Euclid profile (Figure 4-1) was created including stereotypes’ to expand the
metadata available for requirements and to model i) justifications, ii) implementation choices in architecture definition,
iii) properties to be maintained in the Euclid Mission Database (MDB [14]), and (iv) issues. In addition, representation
schemes (coloring and marking) were defined to visually highlight requirements status and applicability (Figure 4-2).

req [Package] Euclid requirement [Euclid requirement req] /

1d: char - Req direction: char

Ref for closure: char - Requnit: char

Status: char - Required Value: float
Text: char

- Verification Method: char

«metaclass» «metaclass» «metaclass» «metaclass»
Issue Requirement Requirement Requirement
«extends» «extends» «extends» «extends»
| Action (3] | | EuclidRequirement €3 Justification EuclidimpChoice (3]

Actionee: int - Accepted Date: char - Id: char Status: char
Created Data: char - Created Date: char - Justification Ref: cl
Due Date: char - Id: char - Justified Req: chal
Group: char - Margin: int Status: char

«metaclass»
Property

«extends»

Euclid_MBD_property €%

Description: char
EuclidType: char

Expression: char
Source: char
Title: char

Unit: char
Value: char

Figure 4-1 - Euclid requirement profile

req [Package] Modelling Guidelines [Euclid Requirement Modelling: Object Details]

Status Bar Colour coding:
Used for mission level requirements to indicate the status of Legend
the requirement:
([ Proposed
PROPOSED; New requirement proposed and under
discussion. Not yet part of the mission baseline [ ~77"""" 5 Qepored
TBX
APPROVED: An approved requirement is part of the
mission baseline and that is fully defined (no TBC, TBD, @B ReiectediDeleted
TBR)

«  REJECTED/DELETED: either proposed requirement that
has not been accepted o requirement that has been
deleted.

«  TBX: Approved requirement, part of the baseline but with
pending information to be resolved (TBC, TBD or TBR)

R-ABC-XYZ

tags
Accepted Date =
Created Date =
Id=
Margin =
Req direction =
Req unit =
Required Value =
Text=
Verification Method =

i using the
stereotype in the Euclid Profile.

The requirements properties that shall be filed in are:
- Name: R-ABC-XYZ: <short description of req>

- Alias: R-ABC-XYZ

- Notes: Text of the requirement.

- Status: Status of the req (Proposed, Approved, TBX, Deleted)

Optional:

In the EuclidRequirement stereotype a number of Tag valued properties
have been defined. Since they have not been used historically is not
mandatory to filled then, however it is encouraged to update the model
to include the information there for future use.

Legend

@ sciro
O mro
(3 mocoa
@ caicoa
(3 Pero
O sro
[ corro
@ oA
(3 siro
@ mro

Mission level requirement documents color coding:

For ease of requirement relationship visualization, the following
color coding has been used for the mission level requirements.

Tts implementation is not mandatory in the modeling of derive
lower level requirements

Figure 4-2 — Euclid Requirement representation and metadata

A stereotype is an extensibility mechanisms in UML/SysML that allows designers to extend the vocabulary of UML in order to
create new model elements. These elements are derived from existing ones with specific properties for a particular specialized usage.
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Apart from the objects themselves, a set of relationships needs to be established to have clear modeling rules. SysML
offers several options, and most tools do not introduce limitations in the type of links and relationships between

req [Package] Modelling [Euclid Requi

Modelling: R

1/

Mandatory

Derivation between Euclid Requirements is
represented with a dependency marked
with <<deriveReqt>> stereotype only.

Mandatory

Justifications are attached
requirements with a
dependency marked with
_ 4 <<justify>> stereotype

For Euclid <<copy>> dependency
stereotype is not used

. «justify»” i

t
I
N \
_______ { Requirement2
I

«deriveReqt»

l Requirement4

l Requirement3 }<

Mandatory .

In case it is required to track a
relationship between two
requirements that is not strictly a
derivation, the <<trace>>
stereotype is used.

elements. In view of this and to limit the risk of
inconsistency in the models, we choose to restrict
the links to a small set of logical relationships:
deriveReqt (to represent flow-down link of
requirements), justify (to link justification
descriptions to requirements), frace (to maintain a
link between related requirements, where a change
of either end of the link will affect the other, but
that are not directly related through derivation).
These rules are documented in the model in
informational diagrams accessible to all the model
users, as shown in Figure 4-3.

This set of relationships allows a complete
modeling of the requirements at different levels,
from stakeholders needs and mission constraints to
spacecraft, ground processing and launcher
elements. Figure 4-4 shows an example of a
requirement diagram, illustration the flow-down of
a mission level requirement across different levels

to

Figure 4-3 - Requirement diagram object relations

of the decomposition with associated justification
and verification information (see section 4.3)
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| S~
I RN
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|
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ustifys
N
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~
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-
N

(from GDPRD: VIS Imaging Data

3 and additive bias
knowledge s[c] < 5x10-4.

model bias

s
«deriveReqt» M

[c]<5x10-4

(from SciRD: Requirements from
Weak Lensing) |

i
«Ve‘nfy»
|

«simulation»
Shape measurement

method bias
characterization

(from End to end verification)

Reqt»

!
R-GDP-CAL-072: Additive S
Bias g |

(from GDPRD: VIS Imaging |
Calibration Data Processing) ! R-GDP-DL2-080: additive
bias error from mock
Euclid data

Processing)

(from GDPRD: VIS Imaging Data
Processing)

Figure 4-4 - Requirement flow-down example: SysML requirement diagram.

The final element to be considered in the management of requirements is how to maintain and trace changes. Although in
theory this can be done through the use of version control on the model elements, in reality the management of changes
in projects needs to be addressed in a different manner. Requirements are applicable to different entities at various levels
of the flow-down, which have a specific relationship to the mission lead. In Euclid for example, the spacecraft is under

the responsibility an industrial entity, bound to the ESA
instruments and the science ground segment are provided

with a contractual relationship; on the other hand, the
by the Euclid Consortium, a group of institutions across

Europe funded by national agencies. This implies that changes can be requested by different entities and need to follow a
formal process including assessment of impact across the system (not only technically but also programmatically, in
terms of cost and schedule). Because of this, we selected to use a Change element (Figure 4-5) to model requirement
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change requests and their status. An association relationship was selected to link requirements and changes in order to
represent semantically that a requirement at any given time is composed also by the changes under assessment. All the
changes applicable to a requirement are traced and maintained. This allows to reconstruct historically the decisions taken
along the development and the implications across the system.

req [Package] Modelli [Euclid Requi Changes] /
The Change Status indicator is to be used with
Legend the following values: M

O Ropesed *  PROPOSED: When under Proposals for change are

discussion/agreement P
Approved ~ ------ . d ted th
. pp ®  ACCEPTED: When change is agreed. It OgceliTiinselelesmg e Changs
O mx becomes part of the baseline, and the Y ¥
. associated requirement is then updated .

. REjfeciEel et s REJECTED: When the changes has not ggili?ilz::;c?: ChiscicrztedipEy

been accepted

Color code used is the same as the
requirements objects

v
\
v
N '
N '
NS '
N '
. '
Requirement4 > A
<> || ECP-20013-ESASYS
ECP-20015-ESASYS
Requirement3 <>
'
'
'
'
'

Changes are linked to
requirements using an
association link.

.
.

A DCR is also modelled
as a change. It can be a
single change or be

composed by a number
of changes

Figure 4-5 - Change object and relationships with the requirement elements: SysML requirements diagram

4.2 Architecture modeling

The system architecture defines the structure and behavior of the system, i.e. the organization of the system, its
constituents, and their relationships to each other and to the environment.

The block is the fundamental modular unit for describing system structure in SysML. A block can be virtually anything,
e.g. some logical or physical entity, a person, hardware, software etc. Blocks have properties which are the structural
features of a block. Structure is specified in terms of hierarchy and interconnection as well as characterization expressed
as properties.

The block definition diagram (BDD) is used to specify the features of blocks and their structural relationships with other
blocks. Composition hierarchies (whole-part relationships) and classification hierarchies are used to express structural
aspects of the system. The BDD corresponds in most cases with the product tree.

As examples of Euclid usage, Figure 4-6 shows the top-level BDD with the mission architecture, including physical
elements (Spacecraft, launcher), a logical entity (Environment, science subject) and data (External data). Figure 4-7
displays a high-level decomposition of the Electrical Power System (EPS). Euclid EPS is composed of the Power
Conditioning and Distribution Unit (PCDU), the Li-on battery and the Sunshield/Solar Array (SSH).

In the different representations in BDDs, it can be selected whether to make internal properties of the blocks visible (as
in Figure 4-7) or not depending on the intended diagram usage. Also, graphical representations can be used to ease the
visualization and improve interpretation, as shown in Figure 4-6.
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bdd [Package] Architecture [Euclid Mission Architecture] /

+galaxy +Euclid Environment

Euclid Science Subject
«block» el

Euclid Mission s
«block» T~

Environment

~~ { The Euclid mission
requires External Data to
achieve their scientific
objectives at Level-0 and
Level-1 as expressed in
the SciRD.

+Euclid S/C|1..1 +Euclid GS[1

+Euclid Ground data|1..*

Ground Data

== th

Soyuz 2B 1-ST

Euclid Ground Segment

Euclid Spacecraft

Figure 4-6 - Euclid Mission level architecture: SysML Block Definition Diagram
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TM/TC for PCDU, Antenna etc. have
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Note that only a subset of the interf
was modelied, ie. main power fiow.
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Battery Simulater : |_Power {conjugated}
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Salar Aray Simulater : |_Power [conjugated}
Umbilical : |_Power {conjugated}
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values
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battery : Li-lon Battery
pedu ; PCOU winterfaceBlodis
ssh: SSH

General Blocks::|_Power

values
sflowPropertys out power : W

+battery

+pedu +ssh
#blogs ablogks sblod
Li-lon Battery PCDU S5H
Charge cument: float + 28V LCL n Off(): int proxy ports

Discharge rate: float

DoD: float

k-Factor: float

Lifetime: float

Name Plate Gapacity: float
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+ 28V LCL n Onfint): int

proy ports

pPowerCut : |_Power
plilum : |_Env-SC_Sun [cenjugsted}

pPowerln : |_Power
15853 bus : |_1553-RemateTerminal
pPowerCut : |_Power

proxy ports

Flow property
solarinputPowerDensity

{of type Iradiance) was
changed 1o Suniight (o
type Sun lumination).

pPowerln : |_Power {conjugated}
pPowerOut : |_Power

Figure 4-7 - Electrical and Power System: SysML Block Definition Diagram

The internal block diagram (IBD) is used to show the connections between parts of a block. For Euclid we distinguish
four types of IBDs, representing certain views or perspectives of a stakeholder on (parts of) the system: 1) Power View
2) Thermal View, 3) Signal View and 4) Mechanical View. In some instance, however, additional “mixed” views are
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selected to display in a diagram some information related to a particular scope of need. Figure 4-8 shows a sample IBD
with the system interfaces at top mission level, including both spacecraft signal interfaces and launcher mechanical
interfaces.

ibd [Block] Euclid Mission [Euclid Mission]

AN
«Part» EUCL-TAST-ICD-1-002
galaxy
Euclid S/C: Euclid Spacecraft[1] -
«ValueType» Irradiance EuclidLaunchAdaptor :
*********************** «proxy» pLight : Imadiance LauncherAdapter

pGalaxies «itemFlow»

pLauncherlF

«proxy» pRadiation : |_Env-SC_Rad
] i i

«proxy» pSunRadiation : ~I_Env-SC_Rad

1_Env-SC_Sun

CcyalueTypen SolarProsure, <ValueTyper ITUR0ES, oy polarhray .
temFlown 1] P8 sc sun i
_Env-SC_ n

soyuz{1]

T deRes T El
«proxy» pSC_EnvBekgnd :
~I_Env-SC_Bckg
«proxy» pK-banfiLink :
«PrOXy» pX- 1_SC-Gnd_Scier|ceData
Euclid Environment proxy» pBackground : bandLink: |_SC-
1_Env-SC_Bckg Gnd_TMTC 0 i
«blocks data_HKTMPacketta, «itemFlowscketFile | citemFlow»
i I
| |
«proxy» pGSN_X-bandLink: \I |, «proxy» pGSN_K-bandLink: ~I_SC-
~I_SC-Gnd_TMTC ,M. ,M. Gnd_ScienceData
L
«Part»
= ™ A «block» 10_EuclidDataProduct =) “Proxy» pData : |_Euclid-
| Euctid | «proxy» pEXTpata Euclid GS“]wmm *************** aemFom T T3 >E Community_data
| Ground data |- — — ———— =~~~ ~ —————— = pCommunityinterface :
Y citemFlow |_Euclid-Community_data
]
]

Figure 4-8 — Euclid Spacecraft level nominal interfaces (partial): SysML Internal Block Diagram *

Modeling interfaces is one of the most critical aspects of system modeling. There are many ways of modeling interfaces
in SysML and the approaches reported to date in the available applications of the standard are quite mixed. On Euclid we
are modeling interfaces using ports. A port represents an access point on the boundary of a block. We have lately
adopted the approach introduced in SysML version 1.3 [5], which includes the concept of Proxy Ports (virtual entry
point of a system that represents an interface embedded in a subsystem or lower level of decomposition element) and
Full Ports (which represent a physical/logical element existing at the boundary of a system). Proxy Ports are typed by
InterfaceBlocks and Full Ports are typed by Blocks. The blocks used to type ports have flow properties specifying the
direction of the flow (in/out/inout) as well as the type of item that flows in or out of the block. Examples of the type of
items that flow are torque, electricity, data, etc. Ports are connected using connectors and the items that actually flow
across a connector can be modeled using so-called Item Flows.

On Euclid we combine flows, ports and connectors/item flows to model the interfaces. Figure 4-9 shows a sample Signal
View for the Euclid Spacecraft. Different types of signals flow between the different subsystems and are color coded in
the diagram. Light enters the system via the telescope which focuses it and splits it spectrally between the two
instruments: VIS and NISP. From the instruments, collected images already digitized are transmitted to the Service
Module (SVM), that finally transfers them to the boundaries of the system through the antennas for transmission to the
ground.

? Some interfaces have been removed from the diagram for simplification and to protect specific industrially sensitive information.
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ibd [Block] Euclid Spacecraft [Signal View] ,/
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Inst_ScienceDafa
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| -
«proxy» pVISLight \Lmy/ T !
V\Siouﬂci\\;/ «proxy» pTMTC : LITMTC

«proxy» pLight JImadiance 1 A, - -2 i |
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sclBog 0 SP_Optical b ]

(from End to end
verification)

bloct
data_SciencePacketFile

«block» data_HKTMPacket
«blocks data_TCPacket

«proxy» pK-bandLink : I_SC-
Gnd_ScienceData

-3
«proxy» pX-bandLink: I_SC-
Gnd_TMTC

Figure 4-9 - Euclid Spacecraft Signal View: SysML Internal Block Diagram

Figure 4-10 shows how the parts of EPS are interconnected. It clearly portrays the three parts and how they interface. By

using the arrows on the ports the flow can easily be followed.
connection) have also been modeled.

Interfaces for verification purposes (e.g. umbilical

ibd [Block] Electrical & Power System [Electrical & Power System] /

aproxys 1553 bus :
E 1553-RemoteTerminal

aprogfs plllum : ~_Em-5C_Sun

i
400W I

- flow
witemFlows e 1
s [ [
- ! ’
- i T.5A
witemFlows I ) -
- «itemFlows
! I
!
wprowys pPowerOut : 1_Py
LT
battery
«ProKye

Battery charged by
PCDU (ie. from BCDR).

[,
1/Fs for V&V purposes

1700w
"

«itemFlows

aproxys pPowerOut
|_Power

Figure 4-10 - Euclid Spacecraft Electrical & Power System (EPS) Power View: SysML Internal Block Diagram

4.3 Verification modeling

For the modeling of the verification approach and organization we use primarily SysML Activities. Verification activities
are categorized in the Euclid SysML implementation with custom stereotypes Review of Design, Test, Analysis and

Inspection, in line with the applicable verification standards for the mission.
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To build up the verification, these activities are systematically linked to both requirements (as shown in Figure 4-4) and
system architectural elements (systems and interfaces as shown in Figure 4-11) by means of a custom dependency
labeled as Verify and shown as blue dashed arrows in the diagrams. The structure and relationship between the identified
verification tasks is then grouped into activity trees’ as shown in the example in Figure 4-12.

ibd [Block] Euclid Mission [Euclid Mission interface veriﬁca(ion]/

Euclid S/C: Euclid Spacecraft[1]

EUCL-TAST-ICD-1-002
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N
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\ 7/
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= 'T‘ =1 n
«Test» - |—|-| = «Test»
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|
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(from S/C Level
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\AM‘ ,¥| Gnd_TMTC
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I |
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D (g}
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)
«proxy» data_out Lﬂ

|
|
“;\eﬁ” L «itemFlow»
\\\\\ «proxy» data_in

(from End to end «proxy» data|out
verification)

«itemFlow»

7
\ /

«ver fy»
/

\.
«verify»

«Test»
SOVT

(from End to end
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Figure 4-11 - Spacecraft interfaces with verifications associated to interfaces: SysML Internal Block Diagram

4 Activity trees are not part of the SysML standard, but in Euclid, we have used them to provide a logical grouping of verification
activities at mission level and to allow create a structural view of the hierarchy of verification activities. In the activity trees we model
the activities as blocks with an stereotype defining the level of verification. The different tasks are then realized and defined in Activity
objects. To link the definition in the activity trees with the implementation in Activity objects we used a Satisfy relationship.
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bdd [Package] End to end verification [E2E Perf Verification] /
EPL;\(IITe;(»t ¢ «analysis» analya
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I I
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performance
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«blockanal... «blockanal... «block,anal... «blockanal... - NISP-P radi : «analysis,block»
i VIS radiometric -P radiometric
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O snr_calc : SNRO-O
«satisfy» «satisfy» «Satisfy» «Satisfy» «satisfy» «satisfy»
«Test» «Test,analysis» «analysis, Test» «analysis» «analysis» «analysis» «analysis»
EPLM e2e test NISP-P 1Q Analysis NISP-S 1Q Analysis VIS 1Q Analysis VIS Radiometric NISP-P radiometric NISP-S radiometric
oo Calculatioro>-o performance calculation

Figure 4-12 - Euclid End to end performance verification activity tree: SysML Block Definition Diagram.

Finally, each verification activity is developed individually in the form of activity diagrams. As examples, Figure 4-13
shows the internal definition of the analysis activity “VIS Radiometric Calculation” and Figure 4-14 displays the flow of

integration and test task for a development model of the NISP instrument. Activity diagrams allow to represent the logic
and flow of activities as well as the input and output parameters required.

act [Package] End to end veri ion [VIS i ic C: i /
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ChannelSpectralResponse: Real i
:Calculate Zodiacal
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83—
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RadiometricAperture: Integer CalculateSignalLevel [ ) SNR: Real: Real
SignallnputFlux: Real @ ]
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read_noise: Real

CCD_read_noise: Real

Figure 4-13 - Performance radiometric analysis verification in VIS channel: SysML Activity diagram
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act [Activity] NISP EQM Test Campaign [NISP EQM Test Campaign] /
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A\
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integration I‘I‘I

eqm_mmt: NISP
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( i )
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(. DN
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Random vibration test

— oty

MMM

S

qm_postTBT_metrology:

This three-step process allows to ensure completeness and progress monitoring and control of the verification definition.
Automated checks are introduced in the model (using the available tool specific features) to generated reports of

NISP Metrology

requirements and architectural elements missing verification links.

4.4 Operations and behavior modeling

Finally, the behavior and operability of the system is currently being implemented in the model. We use two SysML
diagrams for that purpose: (i) State diagrams to represent system modes and transitions (Figure 4-15) and (ii) sequence
diagrams to display the exchange of data and messages between the different subsystems (as shown in the example VIS

operational sequence in Figure 4-16).

stm [StateMachine] VIS ROE stm [ROE Classifier Behaviour] /

Initial ROE

Command

Reading Completed
/Start Periodic HK Polling(int)

Command Read
/Stop periodic HK polling()

Reading

Command Read
IStop periodic HK polling()

—
eqm_csl_to_lam:
Transport

\ )

Figure 4-14 — NISP development model test campaign (partial): SysML Activity Diagram

Figure 4-15 - VIS Read-out electronics mode: SysML State diagram

Proc. of SPIE Vol. 9911 99110C-16

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 06 May 2023

Terms of Use: https://www.spiedigitallibrary.org/terms-of-use




sd [Package] VIS Linearity Sequence [V

IS Linearity Sequence] /

MTL: Science
Operation Center

CASW: CDMU

T
(from VIS
Operations)
I

|
|
L

T
(from VIS
Operations)
|

|
PUS[8,1] TC-PERFORM-FUNCTION: Set OperationsID |
|

sc_mmu: MMU ref VIS Internal
Linearity
Sequences

T
(from VIS
Operations)

T
i
i
i
i
i /C‘J
i
i

Science Data Transfer to MMU()

Science Data Transfer to MMU()

Science Data Transfer to MMU()

Science Data Transfer to MMU()

I
(OpsiD) ! !
|
PUS[8,1] TC-PERFORM-FUNCTION: Execute Linearity Sequence
(Tint1, Tint2, Tint3, Tint4) }
T T
| |
I I
{0} | |
I |
RSU_MOVE() ref }
{10} SC_FGS treatment RSU movement |
RSU_END_MOVE() }
|
|
{<Tint1} | |
)
Open File(FileName) !
]
| I
| I
1 @)
| ]
| |
I o
| T
| |
‘ ?
ref
1485 = 14955 - 10s RSU_MOVE( |
SC_FGS treatment RSU movement - close |
RSU_END_MOVE() !
1495s }
|
]
i &
| |
1495s + Tproc (~3008)- 108 | ffm = = = = = = = = — e — — — A IS
PUS[1,7] TC Execution Completed Success(TC Packet ID, Packet Sequence Control, Error
Code, Number N of parameters to follow, Parameter Values) }
|
Close File() /E‘]
I

—————C

ES

{10 +34

Figure 4-16 - VIS instrument operational sequence example: SysML Sequence diagram

S. LESSONS LEARNED AND FUTURE WORK

The modeling endeavour for Euclid started at the end of Phase Bl in 2012, one year before the Mission System
Requirements Review (MSRR). Currently the mission is already deep into the implementation phase and the four years
of experience on the use of a MBSE approach has already raised a number of lessons learned that can be of use both for

the continuing Euclid modeling effort as well as for new projects.

In the next bullets, we summarize what we consider the main recommendations:

- Modeling as System thinking lighthouse: Modeling is not merely a graphical representation of systems and
relationships for presentations. The process in itself forces to define and follow a structured approach for
classifying and evaluating the system. The need to establish links and architectures also structures thinking.

- Define and document a clear modeling approach: the effort for modeling is shared across multiple actors in a
system. It is important to define clear rules for the specific usage. This has proven to be very important and
challenging in the Euclid experience. Languages like SysML and the tools we selected are in general quite open
and even allow to perform semantically illegal links in models. For the future, we aim to develop tools to

automatize the verification of modeling consistency and adequacy.
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- Start early: A model built up from the initial stages of the project allows maintaining knowledge. Particularly,
knowledge transfer between project phases (and different teams) is identified as a high risk component specially
in large and lengthy projects - both for ground and space - as it is the case in astronomy.

- Identify what you need to model: For Euclid, a significant number of iterations were required to realize to which
level it is required to model. One could make representations from the mission level down to the fasteners in
electronic boxes. Identifying clearly (i) what is the use of the model, (ii) who will use it, and (iii) what would
provide a benefit to the system if modeled is an essential step before going too deep into the task. One needs to
model one layer of system decomposition at a time and limit the scope to the level required to meet the model
objectives.

- Sharing and usage: The Euclid model is currently being used at mission level mostly by a reduced number of
system engineers in ESA and the Euclid Consortium. Increasing the usage across the team (Prime contractor
and other engineers in the teams) requires a simplification of the interface to hide the complexity of the tool.
For the mission level reviews, a HTML export was provided to members external to the project and was
considered very useful in particular in the evaluation of the requirement traceability in the Mission System
Requirements Review.

In general, we consider that the level of control of relationships between the system components, requirements and
information achieved with the model would have been very difficult to maintain with a document based approach. As we
advance in the program, the amount of information continues to grow and the need shifts to the verification tasks
including potential deviations from the designed baseline due to implementation and hardware limitations or problems.
At this stage we are already experiencing the benefits of a complete system representation. It is allowing us to perform a
fast assessment of impact of changes and non-compliances.

In the next period, the focus on the modeling activities will move to the completion of the operational aspects, the ground
data processing and the verification completeness assessment.

6. CONCLUSIONS

The Euclid project decided to introduce a MBSE approach to tackle the complexity of the applicable science needs and
organization. This is the first time this is performed in an ESA Science mission and the objective is also to extract
sufficient return of experience to evaluate the benefits and additional work required for a full introduction of MBSE into
standard practices.

Over the last four years of usage, it has become clear that without the aid of the model it would have been very difficult
to maintain the same level of control and consistency in Euclid. This is particularly the case for requirements
management and justification control, due to the large gap between the needs expressed by science and their translation
into implementable engineering requirements.

Future work will focus on completing the operations and verification modeling with the aim to converge at the end of the
project in a set of clear recommendations and guidelines for MBSE application in future ESA missions.
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